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SUMMARY 

The paper is intended to present a perspective of the 
safeguards that have an economic utility in a supply system 
to ensure an uninterrupted supply of electricity to consumers. 
The safeguards are classified broadly under the headings of 
general, routine, protective, and ultimate. Although the most 
consistent application of general and routine safeguards can 
never completely eliminate the risk of faults, the appropriate 
blending of these with protective safeguards, which isolate 
faults automatically in their initial stages, should prevent any 
fault from developing into a breakdown of the major order, 
such as to involve the functioning of ultimate safeguards. 

After a general discussion of the application of protective 
safeguards to supply systems according to whether they 
include cables or overhead conductors (which, owing to differ¬ 
ing conditions, have to be dealt with differently), there follows 
a survey of protective safeguards available for use with various 
components of a supply system against short-circuits,transient 
faults, and excess voltages. These include feeder and busbar- 
zone protective systems; methods of reducing unnecessary 
outages of overhead lines; and rapid operation of circuit 
breakers. Particulars are given of high-speed small-oil- 
volume circuit breakers developed on the lines of utilizing in 
improved ways well-tried principles and components, and of 
an automatic reclosing 132-kV oil circuit-breaker with an 
arc duration of one cycle at full rating. 

It is claimed that, when a fault has developed in a com¬ 
ponent of a supply system provided with protective safeguards 
such as automatic instantaneous protection and fast-acting 
circuit breakers, the result is a switching operation with very 
little if any damage of the faulty component, and, depending 
upon the system layout, an outage with either no interruption 
or only a slight interruption of supply. If, however, a fault 
develops in an unprotected component*of a supply system, 
the sustaiued feeding of power into it may lead to severe 
breakdown and fire, with risk of serious interruption of supply. 

The authors suggest that, if the supply industry is of the 
opinion that it is detrimental to have such interruptions of 
supply as have occurred in the past (for example, because of 
outages from transient faults on overhead lines or because of 
outages due to fixes resulting from sustained arcing on unpro¬ 
tected apparatus), and that such interruptions are an uneco¬ 
nomic risk for the future, one of the first steps to be taken is a 
consideration of safeguards adequate to prevent them. 
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(1) INTRODUCTION 

Development in the electrical industry depends to a 
great extent upon experience gained in practice, some 
fortunate and some unfortunate; and methods well 
thought out to deal with conditions that existed when 
they were first applied may, as time goes on, prove 
inadequate when more onerous conditions arise. 

The increasing dependence of the public and industry 
upon electricity and their increasing consumption of it 
have brought about more exacting demands, not only 
for a cheap but also for an uninterrupted supply. In 
consequence, the safeguards against interruptions, with¬ 
out which neither economy nor continuity is possible, 
have become of greatly increased importance. 

In this paper a survey is made of the safeguards against 
interruptions of supply available at the present time, and 
an attempt is made to put them into a proper per¬ 
spective so that they may be used most effectively and 
bring about the desired overall economy in supply. Two 
factors that accentuate the need for safeguards are, first, 
the increasing growth and interconnection of generating 
plant, which lead to increased risk of serious damage on 
the occurrence of a fault, and, second, the increasing 
tendency to faults occasioned by the extended use of 
overhead lines for long-distance interconnection and 
rural-area supplies. 

As to. the first factor, faults that are rapidly isolated 
by automatic protection and circuit breakers have come 
to be regarded as incidents in normal operation, where- 
' as faults not so guarded against, and hence allowed 
to persist for some time, have become responsible for 
material damage and dislocation of supply. Such expe¬ 
rience points to the value of three major considerations: 
the foremost is the provision of general and routine safe¬ 
guards with a view to. preventing faults; next, protective 
safeguards to isolate faults rapidly, should they occur, 
with little or no damage; and finally, if major damage 
is inevitable, ultimate safeguards to limit it as much 
as possible. 

The second factor brings about the need for protection 
against, transient, faults on overhead lines and against 
faults caused by excess, voltage transmitted from over¬ 


head lines to station apparatus. Overhead lines, in¬ 
volving, as they must, exposed conductors, are the most 
prolific source of faults, and, notwithstanding a preference 
for cables, an increasing number of distribution systems 
are bound, under present economic conditions, to adopt 
overhead lines. Some faults on overhead lines, although 
harmlessly transient, may lead to unnecessary outages, 
an outage being an automatic disconnection of a faulty 
component that may or may not involve an interruption 
of supply to consumers; but since an outage may be the 
first step towards interruption, the possibility of clearing 
faults on overhead lines without outages is obviously a 
great advantage. 

In view of the multiplicity of the components of a 
supply system, the large number of fault conditions 
under which they operate, and the variety of the faults 
that may occur, it follows that safeguards of many 
kinds are required to meet all contingencies. The 
question arises for many of them whether they should be 
brought into action automatically or manually; and the 
answer depends on their nature and on their sphere of 
application. For some of them it is effective to make 
their action dependent upon verbal orders—for example, 
from a control room; but it is intended that the safeguards 
described in the paper as protective should be imme¬ 
diately operative in an emergency, and for this reason it 
is best to make them automatic. 

Automatic safeguards may be regarded as a form of 
decentralized control that stores up in readiness for 
immediate use operations carefully planned beforehand 
by supply authorities as best calculated to deal with 
anticipated emergencies, and ready to be put into 
practical effect at the critical moment with much greater 
speed, precision, and reliability than would ever be 
possible if they were performed manually. With the 
aid of such automatic safeguards not only is the supply 
network protected against risk of serious damage, but 
there is the. further advantage that the engineers re¬ 
sponsible are relieved of much unnecessary thought and 
worry during the trying time of a disturbance of the 
supply system. They are thus left free when most needed 
to devote their attention to duties associated with restora- 
. tion of normal conditions and other matters demanding 
the careful and yet rapid consideration, judgment, and 
exercise of skill, of which they alone are capable. 

(2) SAFEGUARDS AGAINST INTERRUPTIONS OF 
SUPPLY, AND CONSIDERATIONS DETERMIN¬ 
ING their Application 

Fig. 1 shows in-diagrammatic form the various safe¬ 
guards. The components-of the supply system to which 
the safeguards are applied are enumerated at the top of 
the diagram, and the operating conditions under which 
they have to be safeguarded are stated immediately 
below. • ' 

(A) General Safeguards (Design, Layout, etc.) 

The first general safeguard is the installation of 
reliable components of adequate rating and performance 
proved by actual tests under conditions of severity 
' specified in an appropriate standard specification, and not 
less stringent than those that can occur in service. 
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Fig. 1.— Classification of safeguards for a supply system to ensure general economy in operation by the prevention of 

outages and interruptions of supply. 
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Reliability may be promoted in many different ways; one 
of great importance may be mentioned, namely the 
enclosure of all live conductors, whenever possible, with 
a view not only to preserving life from the risk of shock 
but also to avoiding interference with insulation by 
foreign matter and to preserving the dielectric stability 
of the surrounding medium. If, as with overhead lines 
and terminals, such enclosure is not applicable, there is 
greater need for protective safeguards. 

The second general safeguard consists in suitable design 
and layout of components in order to obtain the most 

Table 1 

Data Based on Results of Short-Circuit Testing- 
Station Experience with Switchgear to Illus¬ 
trate THE WAY IN WHICH THE LAYOUT OF A 
Network is affected by relations between 
Service Voltage, Maximum Permissible Short- 
Circuit at any Point of a Supply System, and 
Normal-Load Current 


Service 

voltage 

(kV) 

Maximum permissible short-circuit at 
any point of supply system 

Range of normal¬ 
load current 
(r.m.s. amperes) 

Sym¬ 

metrical 

3-phase. 
MVA 

Symmetrical 

r.m.s. 

amperes 

(breaking 

current) 

Peak am- 
peres*(making 
current) 

3-3 

250 

43 800 

112 000 

400 - 1 200 

6-6 

500 

43 800 

112 000 

800 - 2 000 

11-0 

750 

39 400 

100 000 

800 - 2 000 

22-0 

1 500 

39 400 

100 000 

800 - 1 600 

33-0 

1 500 

26 300 

67 000 

400 - 1 200 

44-0 

1 500 

19 700 

50 000 

400 - 1 200 

66-0 

2 500 

21 900 

56 000 

800 - 1 200 

88-0 

2 500 

16 400 

41 800 

600 

110-0 

2 500 

13 100 

33 400 

600 

132-0 

2 500 

10 900 

27 800 

600 

165-0 

2 500 

8 760 

22 300 

600 

220-0 

2 500 

6 570 

16 700 

600 


* Peak amperes = symmetricalr.m.s. amperes X V 2 X 1-8. 


efficient combined performance. A well-planned supply 
system should include, for example, such features as the 
electrical sectionalization by switching and by dis¬ 
criminative protective gear necessary to ensure supply 
to each distributing centre. Voltages for transmission 
and distribution are best chosen to ensure that the 
normal-load currents and short-circuit currents shall not 
attain values that prevent economical design, manufac¬ 
ture, and use, of components like switchgear, protective 
systems, and cables. In circuit breakers, for example, 
modern testing-station experience has been instrumental 
in establishing suitable relations for safety and economy 
between ratings of breaking capacity, service voltage, and 
normal-load current, and circuit breakers are being 
standardized accordingly. It is found, amongst other 
things, that breaking currents of about 44 000 sym¬ 
metrical r.m.s. amperes, and corresponding making 
currents of about 110 000 peak amperes, should not be 


exceeded at any voltage; that at the higher voltages the 
current limits should be lower; and that normal load 
currents should not exceed 2 000 amperes per circuit. 
The way in which the layout of a network is affected by 
such relations is shown in greater detail in Table 1. 

To take a further example, cables have to be selected 
of such sizes that they will carry not only normal-load 
currents but also, like other components, short-circuit 
currents for the times during which faults are allowed to 
persist,* and they must be capable of doing this without 
sustaining even incipient damage—for example, by the 



Fig. 2.—Diagram illustrating in principle the relation between 
cable-size and magnitude and duration of short-circuit 
current, and indicating the economy in cable-size obtain¬ 
able by using protective apparatus that isolates a short- 
circuit instantaneously. 

formation of voids from mechanical or thermal causes— 
that may bring about breakdown sooner or later. 
Although short-circuit and other tests are still necessary 
to furnish the requisite data of cable properties, the 
problem of correlating cable-sizes with magnitude and 
duration of short-circuit current has been studied 
theoretically, with the results shown in Fig. 2. It was 
assumed that the short-circuit current was carried once 
only, corresponding to only one break-duty of a circuit 
breaker; a larger number in rapid succession would 
indicate the need for greater size of cable. Further, no 
allowance was made for possible initial asymmetry of the 
short-circuit current; but, on the other hand, current- 
decrement was also not allowed for. The curves of Fig. 2 
relate to paper-insulated lead-covered single-core cable, 
and indicate the sizes required to carry short-circuit 
currents satisfactorily on the basis of an initial tempera- 

' Cf. J. Eccles: Journal I.E.E., 1937, vol. 81, p. 243. 
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ture of 65° C. and a maximum peak temperature of 
120° C. It may be found, after suitable short-circuit 
tests have been made, that higher temperature-limits 
for fractions of a second are permissible, and that cables 
of various types may have different temperature-limits. 
Since the total time required to clear a fault is determined 
by the speed of operation of a protective system and a 
circuit breaker, it follows that the more slowly these 
operate to clear a fault the larger the cable must be, 
and hence the use of instantaneous protective systems 
and fast-acting circuit-breakers can effect a considerable 


permissible temperature-rise on short-circuit has to be 
chosen, the authors suggest that particular care should be 
taken to ensure that faults will start in all apparatus as 
limited earth-faults only. This can be done in cables, 
for example, by using preferably single-core cables or, 
alternatively, a 3-core cable with an earthed conductor 
surrounding each phase conductor, and in this way the 
probability that the maximum short-circuit current will 
occur in practice is rendered remote, provided that 
between-phase faults are not likely to develop in con¬ 
nected apparatus. 



REO BUSBAR 


TRIM'S FOR 


Panel N? 3 

SHOWING Al_L COMPONENT PARTS 
WITHDRAWN FOR MAINTENANCE 

Fig. 4A.— Isometric diagram of one phase of 1 500-MVA 33-kV metalclad switchgear suitable for use in a layout 

on the lines of Fig. 3, indicating accessibility of components. 


economy in the size of the cables necessary for reliable 
service, taking short-circuit conditions into account. 
Fig. 2 also illustrates the relatively large sizes of cables 
that may be required for long life when selected on the 
basis of short-circuit currents; and hence the need for 
the limitation of short-circuit currents in a supply 
system may be even more important for cables than for 
switchgear. 

Should it be found impossible when planning extensions 
of a supply system to limit the short-circuit current to a 
value that will allow a cable of economic size to be used, 
and if consequently a smaller size than that indicated by 


The third general safeguard is sectionalization, and the 
fourth is suitable design and layout for the efficient per¬ 
formance of routine, protective, and ultimate safeguards, 
including the provision of reliable interlocks for the 
prevention of other hazards by ensuring correct sequence 
of operations. Sectionalization and physical separation 
of both main and auxiliary equipments are important, 
since they allow components to be isolated for the 
application of routine safeguards or under fault con¬ 
ditions. - - 

General safeguards of a supply network , must neces¬ 
sarily be considered in the early stages of design, and, as 
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examples of such forethought applied to a switchgear materially in detecting incipient insulation breakdowns, 

installation for a major power station, Fig. 3 illustrates a but there are inherent limitations and difficulties of 

layout planned to enable all the safeguards mentioned application that prevent site testing from becoming a 

above to be included, and Figs. 4 a and 4 b indicate the general and effective safeguard. The purpose of insula- 

principles of the construction of 1 500-MVA 33-kV and tion site-testing, is to discover whether there are any 

66-kV metalclad switchgear designed in accordance with weak spots in the insulation as a whole, and the tests 

the layout of Fig. 3 and incorporating facilities for access may be. classified as (a) over-voltage tests and (b) quality 

to each component. tests. 



Fig. 4 b. —Assembly of the single-break high-speed three-phase oil circuit-breaker with single-break turbulator and 

pneumo-oil operation as used in the switchgear of Fig. 4a. 


<B) Routine Safeguards (Testing and Maintenance) 

Routine safeguards include measures taken when a, 
supply system is in operation, and consist primarily of 
periodical maintenance and* testing designed to ensure 
upkeep of quality and reliable working of components. 

There are many well-established routine safeguards, 
but routine site-testing of insulation is now receiving a 
good deal of attention as a possible additional precaution, 
and much may be said both for and against it. When 
conditions are favourable, some site tests may assist 


(a) Over-voltage tests. 

Over-voltage tests deliberately stress the insulation as 
a whole by the application of an over-voltage to detect 
incipient weak spots, and unless an actual breakdown 
occurs it is'not possible to say more than that the insula¬ 
tion has stood such-and-such a voltage. But the re¬ 
peated application of an apparently unharmful over¬ 
voltage may actually strain unduly and thereby weaken 
both sound and weak portions of insulation, and it cannot 
possibly indicate in itself that this has happened. Thus 
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apparently successful periodic tests do not in reality give 
any indication of the state of insulation or its probable 
life. Two typical over-voltage tests are:— 

(i) Alternating-current test. —The merit of an a.c. over¬ 
voltage test is that it reproduces the correct voltage- 
distribution in the insulation under test; but although it is 
applicable to components of relatively small electrostatic 
capacitance it is often difficult if not impossible to apply 
it conveniently to large-capacitance components, such as 
cables and apparatus directly connected to them, owing 
to the size of the testing-equipment required to supply 
the capacitance current. 

(ii) Direct-current test. —The merit of a d.c. over-voltage 
test is that it can be easily applied, since the testing 
equipment is only required to supply a small leakage- 
current. It has, however, the serious disability of not 
reproducing the correct voltage-distribution in the insula¬ 
tion under test, which nearly always includes some form 
of graded insulation. 

Summarizing, it may be said that owing to the funda- 
■ mental limitations of these two tests, and to the difficulty 
of establishing suitable test-voltages, over-voltage tests 
are of little value as routine safeguards to determine the 
quality of insulation in service, and are useful mainly as 
initial commissioning-tests. 

(b) Quality tests. 

Quality tests measure values that indicate quality of 
the insulation as a whole. Their characteristics vary 
considerably, and they are therefore dealt with separately 
below. 

(i) Insulation-resistance test. —A low-voltage d.c. ohm- 
meter test applied to high-voltage supply systems gives 
primarily an indication of quality in respect of insulation 
resistance or the existence of advanced insulation dete¬ 
rioration bordering on breakdown. Apart from the handi¬ 
ness of a portable testing set for comissioning-tests and 
for the indication just referred to, the test cannot be 
regarded as a useful routine site-test for predicting the 
state and probable life of high-voltage insulation. 

(ii) Power-factor test.-—A power-factor test consists in 
applying an a.c. voltage (preferably not less than the 
working voltage) and measuring quantities that enable 
the power factor of the insulation to be determined. If 
the results of such periodic tests are recorded and suit¬ 
ably analysed, they enable logical deductions to be made 
about possible progressive deterioration of insulation. 

I ower-factor tests have been used for many years to 
determine the characteristics and quality of individual 
components of insulation during their manufacture; but 
when they are applied as site tests in service l imi tations 
of theii usefulness begin to appear. The first of these is 
that a test can only determine the presence of a weak 
spot in insulation if the effect on the measurement is 
sufficiently large to be detected in relation to the effect 
of the insulation as a whole. It follows that when the 
effect of a weak spot is swamped by that of the insulation 
as a whole, as it very often is in practice, the only way 
of making useful tests is to divide the insulation into 
parts that can be tested separately. The second limi¬ 
tation, which arises out of the first, lies in the difficulty 
of finding practical means for dividing up. a supply net¬ 
work for the purpose just indicated. Although appar¬ 


atus installed in the future in major power-stations may 
provide for complete separation of components for 
maintenance, as the switchgear illustrated in Figs. 3, 4a, 
and 4b does, it is unlikely that all the apparatus com- 
piised in a supply network will ever provide such 
facilities. The third limitation arises out of the need 
for portability in site-testing apparatus. This sets a 
limit for both test voltage and electrostatic capacitance, 
and hence for the size of the component that can be 
satisfactorily tested. To produce a transportable equip¬ 
ment for power-factor testing, Doble in America has 
adopted a maximum test-voltage of 10 kV for all system 
voltages, and his work in stressing the importance of 
analysing periodic results is well known. A study of 
the problem leads the authors to suggest that a good 
compromise between transportability and nearness of 
test voltage to working voltage is to be found in an 
equipment with a maximum test voltage of 30 kV, since 
this would test the majority of supply-system compo¬ 
nents at or near their working voltage and would at the 
same time give a nearer approach to the working voltage 
of the higher-voltage systems. 

The merits of suitably-analysed periodic power-factor 
tests as a useful means of detecting the existence of in¬ 
cipient breakdowns and as a wise precautionary safeguard 
must be fully recognized, but it is apparent from the 
considerations just set out that they cannot be regarded 
as sure and universal means of forecasting insulation- 
breakdowns. 

To sum up generally, the authors suggest that routine 
site-testing of insulation by the introduction of over¬ 
voltage tests is undesirable, but that power-factor tests 
within their limitations may be useful as a routine safe¬ 
guard. The need for periodic insulation-testing depends 
upon many factors, and diminishes with increasing ade¬ 
quacy of protective safeguards. 

Site testing must necessarily rank as secondary to the 
all-important general safeguard of the initial provision of 
insulation thoroughly proved by testing in the various 
stages of its manufacture. It can never take its 
place. 

(C) Protective Safeguards (Automatic Isolation of 

Faults, etc.) 

The vital safeguard of a supply system if one of its 
components develops a fault is the immediate detection of 
the faulty component by an adequately-rated discrimina¬ 
tive protective-system, and its rapid isolation by switch- * 
gear of short-circuit ratings proved by tests and suitable 
for service requirements. Although continued improve¬ 
ment in the quality of component apparatus and its 
careful maintenance and routine testing, result in a 
i eduction of faults per unit during its life, extensions of 
a supply system frequently increase the number of units 
installed at a greater rate than the number of faults 
per unit decreases, and in this way the total number of 
faults in a supply system usually increases. 

Experience proves that the root cause of fires and 
explosions is uncontrolled sustained arcing. If a fault 
develops in a component of a supply system provided 
with protective safeguards, such as automatic instan¬ 
taneous protection operating in conjunction with fast- 
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acting circuit-breakers, it is isolated, so rapidly that the 
outage occurs with very little if any damage of the faulty 
apparatus, and either no disturbance or only a slight 
disturbance of the supply system. But if the fault occurs 
in an unprotected component, and hence is allowed to 
persist, the uninterrupted feeding of power into it causes 
sustained arcing that not only leads to serious damage of 
the component from the fault-arc itself as a source of fire 
and to the possibility of damage of adjacent apparatus 
but also provides an insidious cause of breakdown of other 
components, and this sequence of results can bring about 
a serious interruption of supply. Although the con¬ 
struction of the unprotected component may materially 


ax*e not affected, ( b ) the use of constructional aids to fire- 
extinction such as the running of cables in trenches 
filled with pebbles, and (c) the provision of fire-fighting 
equipment brought into action either automatically or 
manually. 

At this stage it is well to consider the fundamental 
factors that determine whether or not an electrical fault 
will result in a fire, and hence whether or not ultimate 
safeguards must be provided to cope with it. It has 
been demonstrated that it is the magnitude and duration 
of the current in an uncontrolled fault-arc that determine 
whether or not fire eventually breaks out. The magni¬ 
tude of the fault current may be kept within safe limits 
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Fig. 5.- 


Diagram illustrating lio »v a fault in an unprotected zone of one section of a physically separated supply- 
system can be the cause of consequential faults in other sections. 
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Encircled numbers indicate possible sequence of events. 
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/n 9““ quential fault develops on white phase in the protected zone of Feeder No. 3 and is automatically isolated, causing only slight damage 
shutdown oSSS develops on blue phase of unprotected zone in Switch-house B and by its persistence causes serious breakdown and complete 


assist in restricting the damage done by the persistent 
fault, the authors consider it essential in the interests of 
operating efficiency that any component of a supply 
system should be rapidly isolated if it becomes faulty. 

Since protective safeguards are of fundamental im¬ 
portance, they will be dealt with more fully in Sections (3), 
(4), and (5). 

(D) Ultimate Safeguards (Fire Precautions, etc.)* 

Ultimate safeguards, intended as a last line of defence 
for preventing the spread of damage from faulty appa¬ 
ratus or other hazards, include (a) the physical separation 
of power-station or substation apparatus in such a way 
that if one section is seriously damaged adjacent sections 

* Cf. F. C. Winfield: Journal I.E.E., 1937, vol. 81, p. 289. 


in practice by so designing the supply system and its 
apparatus that faults originate as limited earth-faults, i.e. 
by applying general safeguards; and its duration may also 
be kept within safe limits by applying automatic pro¬ 
tective safeguards. 

• It is the lack of general, routine, and protective safe¬ 
guards that largely brings about the need for ultimate 
safeguards, which by themselves, it must be said, have 
definite limitations. For example, although the physical 
separation of switchgear with unprotected busbar zones 
into two switch-houses, as shown in Fig. 5, prevents the 
direct communication of fire from one house to the other, 
it cannot prevent the spread of electrical causes of fire by 
consequential faults as long as the electrical intercon¬ 
nections, are not interrupted. This interruption can be 
effected with sufficient speed only by protective safe- 
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guards applied to all components, including busbar 
zones. 

These considerations lead to the conclusion that 
although the provision of ultimate safeguards is desirable 
they should be regarded only as additional to protective 
safeguards, so that, instead of having to function fre¬ 
quently, as they would in the absence of protective safe¬ 
guards, they are required to deal only with extreme 
-emergencies, or with hazards outside the control of the 
supply industry. In such circumstances they can be 
applied more economically, and the saving can be used 
to greater advantage in the provision of protective 
safeguards. 

Much might be said about air-raid hazards, and many 
kinds of ultimate safeguards not mentioned here may 
readily suggest themselves. It would appear necessary, 
however, to limit such safeguards to those justifiable in 
the interests of economical supply, and to acknowledge 
the inevitableness of some havoc in the event of an air 
raid, to be dealt with by emergency measures previously 
planned. 

(E) Application of Protective Safeguards to Supply 

Systems Including Cables 

Since supply systems including cables are not subject 
to excess voltages caused by lightning or to transient 
faults, the only problem that arises in such systems, so 
far as the application of protective safeguards is con¬ 
cerned, is that of protection against short-circuits; and 
this necessitates rapid disconnection of faulty apparatus. 

Two conflicting considerations have to be taken into 
account in determining how a fault should be isolated; 
the first is that the fault current must be ample for the 
operation of the protective gear, and the second is that 
the same fault current must be kept as small as possible 
in order to limit consequential damage. The established 
British practice is to. earth the neutral point of a system 
through a resistance in order to limit a fault current 
sufficiently to prevent unnecessary damage, but yet to 
allow the passage of enough current to operate the pro¬ 
tective system. Further, by constructing the component 
apparatus in such a way that faults start as earth faults 
only, and by providing an instantaneous protective 
system and fast-acting circuit-breakers, the great majority 
of faults are cleared as earth faults, with little if any 
damage of faulty apparatus and no damage whatever of 
sound apparatus. With earth faults, speed of operation 
is important; it is even more so with phase faults, in 
spite of their relatively small number, since a phase-fault 
current cannot be limited to anything like the same extent 
as an earth-fault. 

Examples of modem unit protective-systems suitable 
for application to supply-systems including cables are 
given in Section (3). 

(F) Application of Protective Safeguards to Supply 
Systems Including Overhead Conductors 

Fundamentally, the conditions in supply systems in¬ 
cluding overhead lines are similar to those in systems 
including cables, except that two additional factors 
necessitate additional or modified protective safeguards. 
The first, which is the effect of lightning on component 
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apparatus, makes excess-voltage protection necessary; 
and the second is that faults in overhead lines, such as 
flashover of insulators, may be only transient, and if 
suitably dealt with can be-cleared without causing an 
outage or involving the repair of a faulty insulator. 
Since transient faults are found by experience to be 
usually 80 to 90 per cent of the total, or even more, 
this factor is of great importance, particularly in districts 
fed by only one line. 

The most suitable way of dealing with the protection 
of systems including overhead lines against short-circuits, 
transient faults, and excess voltages, would therefore 
appear to be to use methods for short-circuit protection 
similar to those in systems including cables, and to add 
apparatus providing transient-fault protection for over¬ 
head lines and excess-voltage protection for station 
apparatus connected to overhead lines. This question is 
dealt with more fully in Section (4). 

(3) PROTECTIVE SYSTEMS FOR SHORT-CIRCUIT 

FAULTS 

The extensive use in Great Britain of what have been 
known as instantaneous unit protective systems of the 
balance type for the protection of generators, trans¬ 
formers, feeders, and other apparatus has caused such 
protection to be taken almost as a matter of course. The 
authors use the term " instantaneous " in its commonly- 
accepted sense indicating rapid operation; but they must 
point out that, according to a standard definition, it is 
also capable of meaning that a system is not purposely 
delayed, irrespective of its actual operating time. In 
view of possible ambiguity, therefore, they use, in addi¬ 
tion, the term " high-speed ” in referring to protective 
systems according to their actual times of operation. 
Throughout the paper, a high-speed system is one in 
which the time from the incidence of a fault up to the 
closure of the contacts energizing the trip coil of the 
circuit breaker does not exceed 5 cycles-at 10 times the 
minimum operating current. It is to be understood that 
here and elsewhere in the paper " cycles ” are GO-per- 
second cycles. 

Although it is desirable to use high-speed systems 
whenever possible, systems with longer operating times 
may often be applied successfully. High-speed systems 
are preferable for important very-high-voltage overhead 
transmission lines, such as the 132-kV British grid, 
connecting together large generating centres, because 
less-rapid clearance of a fault on such lines has greater 
effect on a large area, and may lead to system instability. 

The reasons requiring instantaneous action of protec¬ 
tive systems are twofold. Firstly, the concentration of 
large generating plant and the growth of networks in¬ 
crease short-circuit currents and kVA to such an extent 
that very considerable damage may be done if a fault is 
allowed to persist for any appreciable time, and there is 
the additional risk that an earth fault may develop into 
a phase fault. Secondly, there is the possibility -that 
synchronous motors, rotary convertors, and even generat¬ 
ing plant itself may fall out of step if a fault is allowed 
to persist. Little trouble appears to have been expe¬ 
rienced in Great Britain because of falling-out-of-step of 
generating plant, owing no doubt to good design and also 
to wide use of instantaneous protective systems (some 



AGAINST INTERRUPTIONS OF SUPPLY 


455 


■of which actually have always been of the high-speed 
type) and resistance-earthing of the neutral. On the 
other hand, synchronous machinery other than generating 
plant has been known to fall out of step, and this has 
become more frequent with the introduction of protective 
systems having time-lags. 




'Fig. 6.—-Isometric diagram and vector diagram illustrating 
the construction and operation of an electromagnetic 
high-speed directional relay. 

KEY 

h = current in first relay winding. 

I a = current in second relay winding. 

Flux in operating magnet is proportional to [I x + J 2 ). 

Flux in restraining magnet is proportional to ( I x - /,). 

Relay operates and closes contact when (I I + J 2 ) is greater than (/, — /,) 
i.e. when I z is in the same general direction as I v namely when the vector repre¬ 
senting it lies above the line XOY. 

Relay restrains and keeps contact open when (J x -f I 2 ) is smaller than (I x - I„) 
i.e. when I 2 isin the opposite general direction to namely when the vector 
representing it lies below the line XOY. 

Such considerations of the need for speedy fault- 
clearance involve also the circuit breakers used with the 
protective sytem, and in this connection reference may 
be made to Section (5). 

High-speed operation of protective systems is easily 
■obtained with non-directional current-operated relays, 
but has hitherto been difficult to obtain with directional 
relays. One way of overcoming the difficulty by using a 
high-speed electromagnetic movement is illustrated in 
Fig. 6 . ... 

Although it is desirable to clear a fault in as short a 


time as possible, this must not be done at the risk of 
possible wrong operation of the protective system. The 
limiting factors that determine its minimum operating 
time depend upon the transient phenomena that occur 
under short-circuit conditions, but their effects differ 
according to the fundamental characteristics of the pro¬ 
tective systems. 

With systems of the balance type the minimum operat¬ 
ing time is determined by oscillations of the primary 
supply system, which have a frequency usually well in 
excess of the third-harmonic frequency. When using a 
protective relay tuned to the fundamental frequency, as, 
for example, in the Solkor system mentioned below, there 
is no reason other than the mechanical limitation of the 
relay itself why it should not be allowed to operate in, say, 
one cycle of third-harmonic frequency, i.e. in 0 ■ 007 
second in a 50-cycle supply network. 

The considerations governing the minimum operating 
time of systems using directional relays are of a different 
kind, and are due to the transient phase-displacement 
between current and voltage at the commencement of the 
fault, particularly when the short-circuit current is 
asymmetrical. The momentary effect on the relay is 
that the direction of power flow may be opposite to the 
true direction, and to ensure correct operation with a 
factor of safety it is necessary, for example, with the 
relay of Fig. 6, to increase its operating time deliberately 
to 1—1|- cycles; and, on adding one half-cycle for the 
operation of the d.c. repeat contactor, which initiates 
tripping and which is usually provided in connection 
with sensitive relays, the total time of operation is 
1|—2 cycles. 

(A) Examples of High-Speed Feeder-Protective 

Systems 

Progress in the design of balance feeder-protective 
systems has been mainly in the direction of making them 
simpler and suitable for less costly pilot cables, whereas 
in distance and interlock systems improvements have 
been primarily for securing increased speed of operation. 
The three feeder-protective systems summarized below 
represent three main classes, namely balance, distance, 
and interlock. 

(a) Balance. 

The Solkor feeder-protective system, illustrated in 
Fig. 7, is a simplified system of the balance class, and is 
based on the same principles as the split-pilot system,* 
which is used for important transmission networks. For 
economical and practical reasons the Solkor system, 
which has similar characteristics but uses smaller com¬ 
ponents and simplified connections, is more appropriate 
for the shorter feeders in distribution networks. The 
system uses solid-core current transformers of the instru¬ 
ment type and a plain 2-core pilot cable. 

(b) Distance. 

The high-speed Ratio-balance feeder-protective system, 
which is based on the same principles as the original 
ratio-balance system,* belongs to the distance class, and 

* B. H. Leeson and H. Leyburn: “The Principles of Feeder Protection, 
and their Application to Three Modern Systems.” International H.T. Con¬ 
ference (Paris), 1031, Paper No. 106. 
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is primarily intended for application to long overhead 5 cycles, it can also be used with circuit-breakers of longer 
transmission lines. Fig. 8 shows typical time/distance total break times; but under these conditions full ad- 
curves relating to this system, which is classified as high- vantage cannot be taken of the high-speed operation of 


ORDINARY INSTRUMENT- TYPE 




Fig. 7 .—Feeder-protective system of the balance class: Solkor system. 


speed because of its operating speed over the greater part the relays, namely in 2 cycles for faults in the instan- 
of the protected feeder. Although the system can be taneous zone extending over approximately 80 per cent of 
used to the best advantage in conjunction with high-speed a protected feeder, and in 10 cycles for faults in the 
circuit-breakers having total break times not exceeding remainder of the feeder. 



Fig. 8.—Feeder-protective system of the distance class: characteristics of the high-speed Ratio-balance system. 

1. Instantaneous zone. 5. Position of fault. 

2. Time-discriminating zone. G. Characteristic of relay at A. 

3. Back-up zone. 7. Characteristic of relays at B. 

4. Direction of power. 8. Characteristic of relay at C. 
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In order to obtain greater accuracy of measurement 
of reactance or impedance in connection with distance 
protective-systems applied to multiple-earthed networks, 
a scheme known as “ sound-phase compensation ” is 
used. The principle upon which it is based is that a 
proportion of the current flowing in the two sound 
phases on the occurrence of an earth fault is injected 
into the relay coil associated with the faulty phase in 
such a way that the impedance or reactance measured 
by the relay is not affected by the current flowing in 
the sound phases. 

(c) Interlock. 

Fundamentally, the high-speed superimposed Inter¬ 
lock feeder-pi'otective system operates in the same way 
as the original Interlock system,* but the operating time 


Tripping begins on 

FAULTY FEEDER 



Fig. 9 .—Feeder-protective system of the Interlock class: 
stability diagram of the high-speed superimposed inter¬ 
lock system. 


is much shorter. Fig. 9, the stability diagram of the 
system, shows that a healthy feeder is stabilized in 
1 • 5 cycles, and the tripping of a faulty feeder is initiated 
in 3 cycles, after the commencement of the fault. 

<B) Protective Systems for Generators, Trans¬ 
formers, and Reactors 

Although there have been alterations of detail, there 
has been litle fundamental change in recent years in the 
■systems used for protecting generators, transformers, and 
reactors, and for this reason it is proposed not to enter 
into their details but merely to refer to them in order to 
complete the record of typical protective systems. 
Broadly speaking, the balance system, being both dis¬ 
criminating and instantaneous, has given satisfactory 

* B. H. Lesson aad H. Leyburn: “The Principles of Feeder Protection, 
and their Application to Three Modern Systems,” International H.T. Confer¬ 
ence (Paris), 1931, Paper No. 100. 


service, and is widely applicable. A typical exception 
is the protection of a power transformer with on-load tap¬ 
changing, or with a high ratio of transformation, or with 
a large output at low voltage, when it may be preferable 
to use over-current and restricted earth-leakdge relays pro¬ 
tecting the primary and secondary windings separately. 

(C) Busbar-Zone Protection 

Systems for the protection of generators, transformers, 
reactors, and feeders have been used widely in practice, 
and have contributed greatly to the freedom from inter¬ 
ruption that has been one of the chief characteristics of 
the British supply industry; but busbar-zone protection 
as such has not received much serious attention in Great 
Britain until recently, although back-up over-current and 
earth-leakage relays have incidentally been of some 
limited use in this connection. 

(a) Need for busbar-zone protection. 

There appears to be a growing appreciation of the need 
for the extended use of busbar-zone protection brought 
about by the rapid growth of generating and distributing 
centres already referred to, and by the recognition that 
faults in a busbar zone, which is a vital part of a supply 
system, may have serious consequences unless they are 
cleared rapidly. The wider application of busbar-zone 
protection in the U.S.A. and on the Continent is note¬ 
worthy. 

If the supply industry is of the opinion that such 
interruptions of supply as have been caused in the past 
by fires resulting from sustained arcing are regarded as 
a menace and an uneconomic risk for the future, the 
authors suggest that one of the primary steps to be taken 
is the provision of more adequate safeguards against the 
persistence of fault currents in hitherto unprotected 
busbar zones, which may extend to interconnecting cables 
and cable boxes. 

(b) Methods of using busbar-zone protection. 

When protective safeguards against the persistence of 
fault currents in busbar zones are being considered it is 
desirable that the term ” busbar-zone protection " should 
be interpreted in its broadest sen,se as including not 
only protective systems for automatic tripping but also 
systems that may facilitate the manual disconnection of 
faulty sections. For example, if it is thought that some 
operating experience should be gained before fully- 
automatic protective systems are applied, a combination 
of automatic and manual tripping may be adopted in 
which the protective relays are connected as described 
below, but their trip contacts are arranged to give an 
alarm , and only to prepare the trip circuits of the circuit- 
breakers controlling the faulty section without actually 
tripping them. The trip circuits are then completed by 
the operator, who is instructed to close the appropriate 
master tripping switch if he is satisfied that a fault is 
persisting, as may be indicated, for example, by a leakage 
ammeter mounted in a conspicuous position. In this 
way a double check in respect of stability is obtained, 
firstly by the protective system itself and secondly by the 
operator; and, further, the operator is relieved of undue 
responsibility, and faults that otherwise might persist for 
a long time may be cleared in a few seconds. 
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The logical sequel of the combination of automatic and 
manual operation described above is that the protective 
■relays should eventually be so connected as to bring 
about entirely automatic tripping, and in this way they 
may still further speed up the removal of fault conditions 
until it is virtually instantaneous, with the great ad¬ 
vantage of reduced initial and consequential damage. 

The first three of the automatic busbar-zone protective 
systems described below, namely those in the leakage-to- 
frame, balance, and balance-interlock classes, are inher¬ 
ently instantaneous in operation. There may, however, be 
a short overlap region between the current transformers 
for busbar-zone protection and those for the protection of 
individual circuits, and this region is therefore doubly 


provide instantaneous discriminative disconnection of a. 
faulty section. The zone protected by busbar-zone pro¬ 
tective systems includes the busbars themselves, the 
circuit breakers, the current transformers, and the con¬ 
nections associated with these parts, together with what¬ 
ever interconnecting cables and cable-boxes there may 
be, usually up to the point where the' busbar-zone pro¬ 
tective transformers are mounted. 

The four unit systems, each having its own field of 
usefulness, have been devised to ensure absolute stability 
under straight-through-fault conditions, which is a funda¬ 
mental requirement. They are based on the following 
broad principles: Firstly, two lines of defence against 
mechanical instability are provided, since at least two- 
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Fig. 10.—Leakage-to-frame system of busbar-zone protection: an instantaneous 
system primarily applicable to distribution switchgear. 


Bonding bars shown thus: wt ' /tw 
M = master relay. 

C = check relay. 

TR = tripping relay. 

A = to trip coilsof oilcircuit-breakers 
B = remote tripping. 

D = instability alarm. 


E = busbar-zone-fault alarm. 

Pi = busbar-zone-fault indicating lamp. 
P. 2 = alarm-cancelled lamp. 

P s = instability-alarm lamp. 

S' == alarm-cancellation switch. 




protected. It is important that faults should if possible 
be cleared as circuit faults rather than as busbar-zone 
faults; and therefore the protective systems should be so 
arranged that i£ ( a fault occurs within the doubly-pro¬ 
tected overlap region the circuit protection operates in 
preference to the busbar-zone protection. Such dis¬ 
crimination can be ensured by adding, when necessary, a 
short time-lag to the normally instantaneous busbar-zone 
protective system. The fourth system described below, 
namely interlock-time, already has an inherent time- 
lag normally sufficient to ensure correct sequence of 
operation. 

(c) Examples of busbar-zone unit-type protective 
systems and their application. 

Whereas only time-delayed non-discriminative protec¬ 
tion is obtained with over-current and earth-leakage 
relays, as is described later, unit-type protective systems 


relays must operate before the busbars are isolated; and; 
further, in the Dualock system the two lines of defence are- 
in addition quite independent electrically. Secondly, an 
alarm is given if a fault that might endanger stability 
develops in the secondary protective circuit, and easy 
routine testing is provided for. Thirdly, all the circuit 
breakers controlling a faulty section are tripped on the 
occurrence of a busbar-zone fault, and, if necessary, all 
circuits can be disconnected at the remote end. Fourthly,, 
protection against earth faults only is provided, since- 
switchgear construction usually provides that busbar- 
zone faults originate only as earth faults. 

(i) Leakage-to-frame .—The instantaneous Leakage-to- 
frame system is illustrated in Fig. 10, and is particularly 
suitable for new switchgear. It is rarely suitable for 
existing switchgear owing to the necessity for insulating 
the framework; and although it is applicable to large 
switchgear its most useful application is for what may 
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be called distribution switchgear, say from 75 to 350 MVA 
breaking capacity. 

(ii) Balance .—The instantaneous Self-check system, 
illustrated in Fig. 11, is based on the balance principle. 
A feature that has been added in order to ensure service 
continuity, and that gives the system its name, is pro¬ 
vision for continuous self-checking of such a land that, by 
the operation of a sensitive alarm-relay, a warning alarm 
is given of any defect in the secondary circuits of the 
protective system that might cause instability on the 
occurrence of a straight-through fault. This system is 
suitable for small transmission switchgear, say from 350 
to 750 MVA breaking capacity, such as is used in im¬ 
portant substations or small and medium-sized power 


major power stations and substations because its stability 
is doubly secured. It also can be applied to existing 
switchgear subject to the addition of current transformers. 

(iv) Interlock-time .—In the Time-lock system illustrated 
in Fig. 13 the balance feature forming part of the instan¬ 
taneous Dualock system is replaced by a time-lag feature; 
consequently balanced current-transformers are not 
required, and existing current-transformers may be used. 
Hence the Time-lock system is particularly suitable for 
existing switchgear. Its two lines of defence are; first, 
a time-lag in the master relay; and second, directional 
discriminating-relays, one per circuit, which function in 
exactly the same way as in the Dualock system. In a 
well-protected network most faults are cleared rapidly,, 
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Fig. 11. —Self-check system of busbar-zone protection: an instantaneous system primarily applicable to transmission! 

switchgear—for example, from 350-MVA to 750-MVA breaking capacity. 


M = master relay (set higher than A). 

A = alarm relay (set lower than M). 

TR = d.c. multi-contact tripping relay. 

C = main d.c. relay. 

Pi = busbar-zone-fault indicating lamp. 


Pa = testing-supply indicating lamp. 
Pa = alann-cancelled lamp. 

P, = instability-alarm lamp. 

S = alarm-cancellation switch. 

D = busbar-zone-fault alarm. 


stations. It can be applied to existing switchgear, and 
the additional current transformers may be of the clamp- 
on type, the cable glands being insulated. 

(hi) Balance-interlock.—The instantaneous Dualock 
system, illustrated in Fig. 12, has been so named because 
two entirely independent locking features are provided 
in order to ensure two lines of defence against instability. 
These are based respectively on balance and interlock 
principles, and are so arranged that in the unlikely event 
of one of them inadvertently operating the other still 
maintains stability, and it is, only when both operate to¬ 
gether that tripping occurs. In addition it incorporates 
a continuous self-checking feature (not shown In Fig. 12) 
similar to that of the Self-check system, and, like the 
Time-lock system, eliminates auxiliary switches from 
current-transformer circuits, where they would be. a source 
of weakness. This, system is. suitable for switchgear in 


and hence by giving the master relay a time-setting; 
greater than the ordinary setting of other relays on the 
supply system it is possible to ensure that for the great 
majority of external faults it will not close its contacts, 
and the directional lock-out feature is not called upon to- 
function at all; in the small number of external faults in 
which the clearance time may exceed the setting of the 
master relay, the directional lock-out feature by itself 
ensures stability. Thus the discriminative disconnection 
of a faulty busbar zone, even though with a, time-lag, 
makes the Time-lock system well worth consideration in 
existing large power stations, where other forms of pro-, 
tection may be difficult to apply. 

(d) Over-current and earth-leakage relays. 

If, in view of the comparative freedom from break¬ 
downs in the past, it is considered that the application 
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of unit-type busbar-zone protective systems to the whole 
oi an existing supply system is not justified economically 
there is then a field for some alternative and not too 
costly means of preventing a busbar-zone fault from per¬ 
sisting indefinitely. In this connection the authors 
support the use of over-current and earth-leakage relays 
for the less important stations, since they provide time- 
lag protection against busbar-zone faults if their settings 
are based upon the following considerations. The mini¬ 


going feeders, that the proportion of fault current in each 
feeder was frequently insufficient to operate them, and 
hence it is necessary to include earth-leakage relays of the 
time-lag type, which can be set for lower fault currents 
Although over-current and earth-leakage relays can 
usually be so set and graded that a busbar-zone fault is 
disconnected, their use suffers from the disabilities of 
relatively long time-lag and risk of shutting down healthy 
stations or busbar sections owing to insufficient discrimi- 
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(a) Operation on straight-through fault. 
{)>) Operation on internal fault. 


M = Slt£°reliv rS Mtin ? rel ? y (current-operated). 
a master relay (in balance circuit, set higher than A ) 6 
A = alarm relay (set lower than M)I h 

Ll< = lock-out relay. ' 

TR= tripping relay. 

Item D: One per circuit. 

TtPm S ^.TRiOneper busbar section. 

s . A, C, P x , P 2 , P 3 , S: One per busbar group 


C = main d.c. relay. 

Px = busbar-zone-fault indicating lamp. 
Pg alarm-cancelled lamp. 

P 3 = instability-alarm lamp. 

S — alarm-cancellation switch. 


mum earth-fault current that will flow on the occurrence 
of an earth fault should be calculated for each busbar zone 
on the basis of the maximum resistance of the neutral 
earthing-resistor, and the number of connected feeders 
that will carry this current should be used to find what 
proportion of it will flow in each of them. Obviously 
only this proportion is available to operate over-current 
and earth-leakage relays, and the settings must be low 
enough to ensure operation in as short a time as possible 
consistent with the necessary discrimination. If over¬ 
current relays only were used, it would probably be found 
particularly m large stations and those with many out- 
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intended to protect these and the apparatus associated 
with them primarily against the effects of lightning, 
although it usually provides protection aJso against faults 
due to other causes, such as birds, twigs, fog, and deposits 
of dirt and salt, which, for convenience, will be referred 
to as normal-voltage hazards. Although nearly every 
supply system includes at least a few overhead lines, 
there is no need for the whole of it to be provided with 
transient-fault and excess-voltage protection; it is 
generally sufficient to protect the overhead lines them- 


apparatus, and therefore require excess-voltage protec¬ 
tion. The various methods of dealing with these effects 
are shown in Fig. 14, reference to which will enable the 
structure of this section of the paper to be more clearly 
followed. 

(A) Transient-Fault Protection of Overhead Lines 

The means for protecting overhead lines ag ain st 
transient faults will now be considered under two head¬ 
ings according to their location. 



Fig. 13. Time-lock system of busbar-zone protection: a system primarily applicable to existing major power- 

station and large substation switchgear. 

(a) Operation on straight-through fault. Protection stable because of: (1) long time-lag setting of time-lag master relay M. (ii) operation 
. . , , . of discriminating relay D 4 in lock-out direction L. 

' ’ ^oration on internal fault. Oil circuit-breakers tripped after time-lag because of: (i) operation of tiine-lag master relay M, (ii) operation 
f any one discriminating relay D 1( D 2 , D 3 , or Dpn tripping direction T and non-operation of any other in lock-out direction L. 


KEY. 

D = directional discriminating relay (current-operated). 
M = time-lag master relay (set higher than A). 

A — alarm relay (set lower than M). 

LR = look-out relay. 

TR = tripping relay. 


C = main d.c. relay. 

Pj = busbar-zone-faultindicating lamp. 
P 2 = alarm-cancelled lamp. 

P 3 — instability-alarm lamp. 

S = alarm-cancellation switch. 


Item D: One per circuit. 

Items LR, TR: One per busbar section. 

Items M, A, C, P lf P„, P 3 , S: One per busbar group. 


selves and the apparatus immediately associated with 
them. 

The effects of lightning surges in an overhead line are 
twofold; firstly, the effect on the overhead line itself, 
which may lead to flashover. of an insulator and cause a 
transient fault, requiring transient-fault protection; and 
secondly, the surges transmitted by the overhead line to 
station apparatus, which might cause a fault in that 
Vol. 82. 


(a) Means applied to overhead lines. 

Means applied to overhead lines are of two kinds, 
namely those intended to prevent flashover and those 
intended to prevent an outage after a discharge or a 
flashover. 

(i) Prevention of flashover by over-insulation, earth wires, 
and low footing-resistance of towers. —For the prevention 
of flashovers it is usual, especially on the lower-voltage 

30 
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lines, to raise the insulation level above that required for 
the normal voltage of the system, as laid down, for 
example, in B.S.S. No. 137, with the object of making 
the lines less vulnerable to lightning and particularly to 
normal-voltage hazards. Similarly earth wires arranged 
to shield line conductors, and low footing-resistances of 
towers (obtained by using either earth-electrodes of the 
usual form or relatively long earth-conductors known in 
the U.S.A. as “ counterpoises ”), are important in pre¬ 
venting excessive flashover due to lightning only. 

Such means may go a long way towards improving 
the service efficiency of overhead lines, but it is very 
doubtful whether they can be applied economically so as 
to make the lines lightning-proof or completely free from 
trouble due to normal-voltage hazards. Exceptions are 
probably very-high-voltage lines so far as some of the 
normal-voltage hazards are concerned, and lines of, say, 
220 kV or more so far as lightning is concerned. 

(ii) Prevention of outage after flashover or discharge by 
expulsion gaps and line lightning-arresters. —lo allow a 
flashover to occur for the purpose of discharging lightning ■ 
effects without a consequent outage, an expulsion gap 
may be fitted to each line insulator. The device includes 
a fibre tube fitted in such a way that when a flashover 
occurs it takes place inside the tube and the arc resulting 
from the follow-through current is extinguished instan¬ 
taneously. As an alternative line lightning-arresters 
may be fitted to a large number of towers. Since 
both the expulsion gap and the line lightning-arrester 
function on over-voltage, they protect against lightning 
only, and not against normal-voltage hazards. 

(b) Means applied at stations. 

Means applied at stations are of three kinds, namely 
automatic reclosing of circuit-breakers in the stations 
associated with the overhead lines to be protected, arc- 
suppression by Petersen-coil tuning, and arc-suppression 
by voltage-injection, the two latter being applied to 
one of a group of stations in the same network. 

(i) Automatic reclosing of circuit-breakers. —The object 
of automatic reclosing of circuit-breakers is to isolate a 
faulty section of overhead line long enough to allow the 
fault-arc to be extinguished, and then to reconnect the 
section. The circuit-breakers are tripped automatically 
if there is a fault on the line, and are reclosed auto¬ 
matically after a predetermined time-lag. The number 
of possible reclosures usually varies from 1 to 3, and if the 
fault is transient the affected line is restored to normal 
service after having been subjected only to a short 
cessation of supply. This gives adequate protection 
against transient faults irrespective of whether they are 
due to lightning or to normal-voltage hazards, and 
whether one or more phases are affected. Experience 
shows that as many as 90 per cent of all reclosures are 
successful, the great majority being first reclosures. The 
time-interval between tripping and reclosing may be as 
much as 15 to 30 seconds when temporary disconnection 
of a line has no adverse effect on the stability of the 
system. It must, however, be restricted to fractions 
of a second when it would have a material effect; develop¬ 
ments in high-speed reclosing (see Table 5) for this purpose 
will be dealt with in Section (5). 
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Key to Vector Diagrams. 

R, W, and B — phase voltages. * 

Zcw and I cb = capacitance currents to earth in white and blue phases. 
Zo = resultant capacitance current in fault. 

Zkn = resistive current in fault and earthing resistance. 

Zf — resultant current in fault. 

Ek = voltage of neutral-point above earth, due to fault. 

Ews = voltage injected into earthing-resistance connection. 

Za = fault-neutralizing current equal to Zf. 



(b) Fault conditions during operation of protective system. 

Fig. 15.—Diagram illustrating transient-fault protective system incorporating arc-suppression by voltage injection. 
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The fundamental principle of the two arc-suppression 
schemes about to be described is that the electrical circuit 
is so arranged or, alternatively, modified during fault 
conditions/that the current in the fault-arc is suppressed. 
They can be applied only to systems in which the neutral 
point may safely be raised to normal phase-potential, and 
the phases themselves to a potential corresponding to 
line voltage; and they deal with faults, no matter 
how they originate, so long as they involve one phase 
only. 

(ii) A rc-suppression byPetersen-coil tuning, —The Peter- 
sen-coil scheme consists of a choke coil, connected 
between the neutral point of a supply system and earth, 
and kept adjusted within prescribed limits so as to 
form a resonant circuit with the capacitance of the net¬ 
work. The capacitance current through a fault-arc is 
thus offset by the reactive current through the choke coil, 
and so the fault current is reduced to such a small value 
that the arc is extinguished. Thus an earth fault, if 
transient, is cleared without an outage of the overhead 
line. 

(iii) Arc-suppression by voltage injection. —An alter¬ 
native protective system, at present being tried out, 
for dealing with transient earth-faults by arc-suppres¬ 
sion without resort to a resonant circuit, is illustrated 
in Fig. 15. This shows both the layout of a section of 
an overhead-line network protected by this system and 
the protective apparatus itself, including an injection- 
transformer T, an earthing resistance R of a value 
depending upon the capacitance of the network, and 
single-pole switches S. Although S la S 2 , S 3 , S 4 , R, and the 
primary winding of T are shown connected to the side 
of the power transformer associated with the protected 
network, they may for economy be connected to the 
lower-voltage side without affecting the functioning of 
the scheme. The conditions in normal service and during 
the fraction of a second between the occurrence of a fault 
and the operation of the protective system are indicated 
in Fig. 15(a); and the effect of connecting the centre- 
point of the injection-transformer T to a similar point of 
the earthing-resistor R through the circuit-breaker S 4 
(which is done as the most effective method of obtaining 
the required sequence of switching) is to provide an 
equivalent to the usual resistance-earthing of the neutral 
point. 

Ihe operation of the protective system is shown in 
Fig. 15(6), and the sequence of events is as follows: 
When a fault occurs on the red phase, as shown! 
unbalance-voltage relays bring about the closing of the 
single-pole circuit-breaker S 2 on the white phase (which 
has the required phase-relationship to the faulty red 
phase), and this sequentially opens the single-pole circuit- 
breaker S 4 . These operations have the effect of injecting 
into the neutral circuit a voltage proportional to and in 
phase with the voltage between the white phase and the 
neutral point. Since the current I F in the fault-arc and 
the current is corresponding to the injected voltage would 
be equal and opposite, as shown in the vector diagrams, 
the net result is that a negligible current actually flows 
and the fault-arc is suppressed. After a short time- 
mterval the protective apparatus automatically returns 
to its normal state, as shown in Fig. 15(a). Should 
the fault happen not to be a transient one, it is then 


cleared by the ordinary protective gear as described 
below. 

The main differences between the Petersen-coil scheme 
and the voltage-injection system are that the latter 
suppresses an arc without a resonant circuit; that it 
allows greater control over the current in a fault-arc; 
that the recovery voltage across a fault-arc, which is the 
difference between the ordinary and the injected voltage, 
can be maintained at a negligibly small value for a pre¬ 
determined time, so that the arc does not restrike; and 
that as a result of improved control there is no need for 
adjustment of the components of the protective system 
to match changes in a supply system due to normal 
switching. In addition, the supply system operates 
under normal conditions with a resistance-earthed 
neutral. Thus, although the Petersen-coil scheme may 
be the simpler of the two, the voltage-injection system 
• appears to offer some advantages. 

Arc-suppression schemes are of value in appreciably 
reducing the number of outages due to transient earth- 
faults, and are thus beneficial so far as their primary 
object of clearing such faults is concerned. Should a 
permanent earth-fault develop, although it is possible to 
obviate an outage by allowing the supply system to 
remain in service with one phase earthed and the potential 
of the neutral raised, the convenience of being able to do 
so may be offset unless consequent conditions are properly 
met. For example, unless the insulation of the system is 
adequate, the increased voltage-stress on the sound phases 
may weaken their insulation generally. Further, if a 
second earth-fafilt develops, it may, in conjunction with 
the first earth-fault, allow heavy fault currents to damage 
earth-connections and other apparatus even if it does 
not cause a widespread shutdown. In addition, broken 
lines lying on the ground, being only partially earthed, 
may be dangerous to human and animal life. It is 
usually possible to overcome these difficulties, but it may 
be costly to do so, particularly in existing systems. It is 
frequently better, therefore, to deal with permanent 
faults by connecting the neutral point to earth auto¬ 
matically, either solidly or through a resistance, as soon 
as it has been determined by means of a suitable relay 
that they are permanent, thus causing the ordinary pro¬ 
tective gear to disconnect the faulty section in the 
usual way. , 

(B) Excess-Voltage Protection of Station 
Apparatus 

. make station apparatus proof against surges enter¬ 
ing from overhead lines, its insulation must be suitably 
co-ordinated with that of the fines, and for this purpose 
impulse-tested apparatus may be used. Alternatively, a 
protective device may be interposed at the junction 
between the fine and the station, and this may be a 

means of effecting economy in insulation of the station 
apparatus. 

#» 

(a) Impulse-tested apparatus. 

Apparatus rated to withstand a specified impulse- 
voltage has become known as impulse-tested apparatus. 
When so rated it is intended to be suitable for connection 
to overhead lines having a lower impulse-voltage rating 
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so that there is a logical co-ordination between its insula¬ 
tion and that of the overhead lines. Since the insulation 
level of an overhead line is determined by the effects of 
lightning and normal-voltage hazards, it usually becomes 
necessary, in order to obtain the required co-ordination, 
to install station apparatus of a size corresponding to 
a higher voltage-rating than the actual service voltage. 
The overall effect is that properly co-ordinated impulse- 
tested station apparatus becomes uneconomical in com¬ 
parison with standard station apparatus provided with 
suitable excess-voltage protective devices. 

(b) Station lightning-arresters and arc-gaps. 

The feature common to both lightning-arresters and 
arc-gaps is that they are connected in shunt between 
each conductor and earth at the junction between the 
overhead line and the station for the purpose of dis¬ 
charging to earth the lightning sui*ge, thereby relieving 
the station apparatus of excess voltage entering from the 




Fig. 16.—Diagram illustrating effects of various protective 
devices on a typical impulse wave, 

(a) Arc-gaps. 

( b ) Series protective devices. 

overhead line. When operating they tend to cut off the 
incoming wave at a voltage corresponding to their setting, 
without, however, affecting the shape of the wave up to 
the point of cut-off. This is illustrated in Fig. 16(a), 
which indicates also how high speed of operation increases 
the effectiveness of the protection by cutting off the 
impulse wave well before it reaches its crest, which is its 
most destructive part. , Further, its effect on insulation 
is lessened owing to its reduced duration, and the inter¬ 
turn stresses produced by it arc confined chiefly to the 


end windings of a transformer. In general, it may be 
said that *the operating speed of a gap is higher the 
more closely it approaches a sphere-gap, and that the 
operation of a rod-gap or a point-gap is relatively slow. 
An arc-gap suitable for the excess-voltage protection of 
station apparatus should necessarily be of the high-speed 
type. Although good arc-extinguishing properties are 
desirable, they must not be obtained at the expense of 
operati n g speed. 

Of the many types of lightning arrester available, the 
most effective appears to be one that includes an arc-gap 
in series with a material having a high resistance at 
normal line-voltage and a decreasing resistance at higher 
voltages, so that the lightning arrester shunts considerable 
currents to earth at lightning voltages but the power arc 
does not persist. An alternative, also dealing effectively 
with power follow-through current, is to use a high-speed 
arc-gap in combination with an arc-suppression scheme 
or with automatic reclosing of circuit-breakers. As com¬ 
pared with lightning arresters this has the important 
advantages of lower first cost, higher speed of operation, 
and higher discharge-capacity owing to the absence of 
any limiting series resistance. 

(c) Protective cables and surge absorbers. 

A protective cable is a cable a few hundred yards long 
connected between an overhead line and station appa¬ 
ratus. . A surge absorber usually consists of an inductance 
coil of high capacitance to earth connected in series with 
a line. 

As distinct from lightning arresters and arc-gaps, 
which are shunt devices, both protective cables and surge- 
absorbers are series-connected. Their mode of operation 
is therefore different in that fundamentally they reduce 
not the amplitude of an impulse wave but only its 
steepness. This is illustrated in Fig. 16(&). The reduc¬ 
tion in steepness may have the additional effect that the 
wave, particularly if it is short, does not reach its full 
amplitude. 

If protective cables are reasonably long (their minimum 
length depending upon the degree to which a line is 
over-insulated in relation to station apparatus), they form 
a beneficial safeguard for the insulation of station appa¬ 
ratus, particularly transformers. The additional expense 
they involve has often to be incurred in any event for 
reasons of public safety, owing to the proximity of 
substations to dwellings. 

(C) General Discussion of Transient-Fault and 
Excess-Voltage Protection 

After the foregoing brief description of the various 
protective means available, a summary of the considera¬ 
tions governing their application may be appropriate. 
This can only be stated in general terms, since in practice 
many local considerations have an important bearing on 
the problem and have to be taken into account. 

(a) Overhead lines. 

In relation to the protection of overhead lines against 
transient faults, the most important points are, first, the 
cause of the flashover, namely whether it is due to light¬ 
ning or to the normal-voltage hazards of birds, twigs, and 
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deposits from any cause; and, second, the nature of the 
flashover, namely whether it involves only one phase or 
more than one phase. Obviously, if the majority of 
faults are caused by normal-voltage hazards, protective 
devices that deal with lightning only are of little value; 
and, similarly, in the unlikely event of a preponderance 
of phase faults, protective systems that deal with earth 
faults only would not greatly improve service efficiency. 

It is advisable to prevent flashover as far as possible 
by over-insulating lines, by providing earth wires, and 
by ensuring low footing-resistances of towers; but there 
are economical limits beyond which it is not desirable 
to go, and the provision of further means for preventing 
flashover must be considered. 

Broadly speaking, transient faults on lower-voltage 
lines, say from 6 • 6 kV to 33 kV, are due both to lightning 
and to normal-voltage hazards, and, assuming reasonably 
low footing-resistances of towers, the great majority of 
faults are earth faults. These considerations narrow 
down the choice of protective means for preventing 
outages by dealing with transient faults on the lower- 
voltage lines either to automatic reclosing of circuit 
breakers or to arc-suppression systems. Although auto¬ 
matic reclosing of circuit-breakers can deal with both 
earth faults and phase faults, arc-suppression schemes, 
in spite of their dealing only with earth faults, are often 
to be preferred on account of lower first cost, centraliza¬ 
tion, and reduced maintenance. 

At the other end of the range, transient faults on over¬ 
head lines above 100 kV are almost entirely due to 
lightning, and the majority are earth faults. Two addi¬ 
tional factors have to be taken into account: the first is 
that appreciable saving is possible by grading the. insula¬ 
tion of power transformers towards the neutral points and 
by earthing the neutral points solidly, which precludes the 
use of arc-suppression schemes; and the second is that 
in view of the comparatively small number of circuit- 
breakers required for controlling large amounts of power 
it is economical to make them suitable for automatic 
reclosing. Thus for lines above 100 kV automatic 
reclosing of circuit-breakers compares favourably with 
arc-suppression schemes and is to be preferred. The 
remaining alternatives, namely expulsion gaps and line 
lightning-arresters, do not as a rule compare favourably 
with reclosing of circuit-breakers on account of their 
necessarily large number and hence high first cost, and 
the increased numbers of components that have to be 
maintained. 

(b) Station apparatus. 

Three possible methods of protecting station apparatus 
may be briefly referred to. The first is to use impulse- 
tested apparatus. The second is to use ordinary appa¬ 
ratus in conjunction with protective cables or surge 
absorbers to reduce the steepness of impulse waves and 
high-speed arc-gaps to cut off their crests, in association 
with an arc-suppression scheme or automatic reclosing 
of circuit breakers. The third is the same as the second, 
except that lightning arresters are substituted for the 
high-speed arc-gaps and the arc-suppression scheme or 
reclosing circuit-breakers. Although these are all suitable 
technically, they may often have to be ruled out on eco¬ 
nomic grounds, and then the problem is to find the most 


satisfactory alternative. As a good all-round solution the 
authors suggest the use of high-speed arc-gaps for pro¬ 
tecting station apparatus against excess voltages, in 
association with an arc-suppression system or with auto¬ 
matic reclosing circuit-breakers (either of which may 
already have been provided for the transient-fault pro¬ 
tection of overhead lines), which clear the fault-arcs in 
the high-speed arc-gaps as transient faults. Alternatively, 
and particularly when transient-fault protection is not 
available, lightning arresters may be used. High-speed 
arc-gaps may also be used alone, but they usually en¬ 
tail some increase in the number of outages. 

(c) Summary. 

It would appear that the best compromise between the 
technical and economic considerations governing both the 
transient-fault protection of lines and the excess-voltage 
protection of station apparatus is secured as follows:— 

Transient-fault protection is obtainable for lower- 
voltage lines, say from 6-6 kV to 33 kV, by using one of 
the two arc-suppression schemes; for higher-voltage lines, 
say above 100 kV, by means of automatic reclosing of 
circuit-breakers; and for lines of intermediate voltage by 
either method. This is additional to the fundamental 
safeguards of adequate insulation, earth wires, and low 
footing-resistances of towers. 

Excess-voltage protection of station apparatus is 
obtainable by means of high-speed arc-gaps operating in 
conjunction with transient-fault protection of the lines. 
This allows standard station apparatus to be used, and 
obviates the use of the more expensive impulse-tested 
apparatus and of long runs of cable. 

(5) CIRCUIT-BREAKERS FOR FAULT CLEARANCE 

The quest for increased speed of fault clearance has 
meant. increasing the speed of protective safeguards, 
which include not only protective systems such as those 
described in Sections (3) and (4) but also circuit-breakers. 
For ease in distinction, it is proposed to refer to circuit 
bieakers having total-break times from the closing of 
the trip-coil circuit to the instant of final arc-extinction 
in all poles of 5 cycles or less throughout their whole 
breaking-capacity range as ‘ high-speed/* and to those 
having longer total-break times up to 15 cycles on the 
same basis as ' fast-acting.” The present position, stated 
generally, is that the use of fast-acting circuit-breakers, 
fully proved at short-circuit testing stations, is established 
practice, and that some high-speed circuit-breakers, 
having already progressed beyond their development 
stage, are emerging into service. 

(A) Examples of Clearance Times with Fast-acting 
Circuit-Breakers 

As a guide to the total time required to clear a fault, 
Table 2 gives results obtained with fast-acting metalciad 
switchgear and protective systems suitable for three types 
of duty in a supply system. All the circuit-breakers are 
fitted .with solenoid operation and electromagnetic trip¬ 
ping-devices. Distribution switchgear is typified by an 
11-kV oil circuit-breaker rated at 150 MVA and operating 
in conjunction with a balance protective-system; power- 
station switchgear by a 33-kV oil circuit-breaker rated at 
1 500 MVA and operating in conjunction with a ba la nce 
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Table 2 

Examples of Representative Fault-Clearance Times with Solenoid-Operated Metal-Clad Switchgear 
Working in Conjunction With Instantaneous Automatic Protective Systems 

(A) With Xl-kV Distribution Switchgear 

Three-phase solenoid-operated oil circuit-breaker fitted with plain-break contacts and electromagnetic tripping. 
Breaking-capacity rating at 11 kV: Symmetrical, 7 800 r.m.s. amperes (equivalent to 150 MVA); Asymmetrical, 
9 750 r.m.s. amperes. 

Automatic protection: Solkor system (balance class). 


Function 

At 10 to 15 per cent of rating 

At 100 per cent of rating 

Cycles 

Seconds 

Cycles 

Seconds 

(i) Opening time 

4-0 


4-0 

■■ 

(ii) Arc duration 

3-5 

■liH 

2-0 


(iii) Total-break time: (i) plus (ii). 

7-5 

0-15 

6-0 


(iv) Relay-operating time 

6-0 

0-12 

4-0 


(v) Fault-clearance time: (iii) plus (iv) 

13-5 

0-27 

10-0 

0-20 


(B) With 33-AF Power-Station Switchgear 

Three-phase solenoid-operated oil circuit-breaker fitted with vertical turbulators and electromagnetic tripping. 
Breaking-capacity rating at 33-kV: Symmetrical, 26 000 r.m.s. amperes (equivalent to 1 500 MVA); Asymmetrical, 
32 500 r.m.s. amperes. 

Automatic protection: Split-pilot system (balance class). 


* 

Function 

At 10 to 15 per cent of rating 

At 100 per cen (of rating 

Cycles 

Seconds 

Cycles 

Seconds 

(i) Opening time 

6-5 

0-13 

6-5 

0-13 

(ii) Arc duration 

3-0 

0-06 

1-5 

0-03 

(iii) Total-break time: (i) plus (ii). 

9-5 

0-19 

8-0 

0*16 

(iv) Relay-operating time . . . . . . . . • • 

3-0 

0-06 

3-0 

0*06 

(v) Fault-clearance time: (iii) plus (iv) 

12*5 

0-25 

11-0 

0*22 


(C) With 132-AF Transmission Switchgear 

Three-phase solenoid-operated oil circuit-breaker fitted with horizontal turbulators and rotary moving contacts 
and electromagnetic tripping. 

Breaking-capacity rating at 132 kV: Symmetrical, 6 600 r.m.s. amperes (equivalent to 1 500 MVA); Asymmetrical, 
8 250 r.m.s. amperes. 

Automatic protection: High-speed Ratio-balance system (distance class). 


Function 

At 10 to 16 per cent of rating 

At 100 per cent of rating 

Cycles 

Seconds 

Cycles 

Seconds 

■ 

(i) Opening time . . .. .. .. ■ • 

3*0 

0*06 

3*0 

0*06 

(ii) Arc duration 

3*0 

0*06 

1 • 5 

0*03 

(iii) Total-break time: (i) plus (ii) 

6*0 

0*12 

. 4*5 

0*09 

(iv) Relay-operating time 

4-0* 

0*08 

2*0* 

0*04 

(v) Fault-clearance time: (iii) plus (iv) 

10*0 

0*2 

6*5 

0-13 


* Throughout the instantaneous zone; for other times see Fig. 8. 
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protective-system; and transmission switchgear by a 
132-kV oil circuit-breaker rated at 1 500 MV A and operat¬ 
ing in conjunction with a distance protective-system. 
For convenient reference, the operating time of a pro¬ 
tective system and the total-break time of a circuit 
breaker are stated in terms of 50-cycles-per-second cycles 
a.s well as in seconds. Thus, in Example A of 
Table 2 the total-break time at 100 per cent of the 
breaking-capacity rating is 6 cycles, and the correspond- 
ing protective-system operating time is 4 cycles, so that 
the fault-clearance time is 10 cycles (0 • 20 second). 
fable 2 indicates the extent to which speed of fault 
clearance depends upon the mechanical opening-time of 


(B) High-Speed Circuit-Breakers 
High-speed circuit-breakers, as compared with fast¬ 
acting, are particularly advantageous for high-voltage 
transmission lines interconnecting large generating- 
centres, because they enable faults to be isolated so 
rapidly that stability of the interconnected supply 
systems is not endangered. They are also an essential 
component in providing a means of restoring supply with 
minimum disturbance by rapid reclosure on transient 
faults; this matter will be dealt with below. Of the man y 
considerations that arise in the practical development of a 
high-speed circuit-breaker, two fundamental problems 
may be mentioned. The first is the mechanical problem 


r 
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Fig. 17.- 


- Assembly and isometric diagram of a single-phase unit of a 1 500-MVA 132-kV 3-phase oil circuit-breaker 
fitted with horizontal turbulators a,nd rotary moving contacts. 




the circuit-breaker. Example C records data of a 132-kV 
1 500-MVA circuit-breaker with solenoid closing and 
electromagnetic tripping fitted, on the lines of Fig. 17, 
with horizontal turbulators, and with rotary moving 
contacts in order to reduce the inertia of its moving parts 
compared with that of the usual arrangement of vertical- 
moving contacts. 1 his construction not only reduces the 
oil in the tank by 40 per cent but also reduces the total 
break time at 100 per cent breaking-capacity to 4 ■ 5 cycles, 
thus putting the circuit-breaker into the high-speed cate¬ 
gory at that rating, although over the whole range, it 
must be classified as fast-acting. This and other experi¬ 
ence pointed to the possibility of effecting further improve¬ 
ments in the directions of reduction of oil volume and 
increased speed of fault clearance by suitable rearrange¬ 
ment of known types of circuit-breaker components. 


of lapid acceleration and high speed of travel of the 
moving parts and arcing contacts to produce the neces¬ 
sary break within the required time of a cycle or so, and 
their subsequent rapid retardation; and the second is the 
electiical problem of the rapid control of de-ionization 
of the arc path in the break to produce high-speed arc 
extinction. 

The turbulator arc-control device having been de¬ 
veloped by tests with an experimental circuit-breaker 
(capable of very high speed of break), and having proved 
to be reliable for breaking circuit with arc-durations of 
1 cycle or less as well as for making circuit, the develop¬ 
ment of high-speed circuit-breakers resolved itself chiefly 
into a solution of the mechanical problem. To bring 
the 132-kV circuit-breaker of Example C of Table 2 into 
the high-speed class, its solenoid closing and electro- 
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magnetic tripping devices were discarded in favour of 
faster pneumatic power closing and opening. The im- 
pioved performance obtained is given in Fig. 18 (see 


arc duration is 1-5 cycles maximum, and 1 cycle at 
100 per cent rating. 

To reduce the amount of oil required and to achieve a 


Table 3 


Example of High-Speed Circuit-Breaking and Short Fault-Clearance Times with the 1 500-MVA 132-kV 
Pneumatically-Operated Circuit-Breaker of Fig. 17 Working in Conjunction with High-Speed 
Distance Protection 


Three-phase pneumatically-operated high-speed circuit-breaker fitted with horizontal turbulators and rotary' 
moving contacts. 

Breaking-capacity rating at 132 kV: Symmetrical, 6 600 r.m.s. amperes (equivalent to 1 500 MV A); Asymmetrical, 
8 250 r.m.s. amperes. 

Automatic protection: High-speed ratio-balance system (distance class). 


Function 

At 10 to 15 per cent of rating 

At 100 per cent of rating 

Cycles 

Seconds 

Cycles 

Seconds 

(i) Opening time 

2-5 

0-05 

2-0 

0-04 

(ii) Arc duration 

1-5 

0-03 

1-0 

0-02 

(iii) Total-break time: (i) plus (ii) 

4-0 

0-08 

3-0 

0-06 

(iv) Relay-operating time 

4 0* 

0-08 

2-0* 

0-04 

(v) Fault-clearance time: (iii) plus (iv) 

8-0 

0-16 

5-0 

0-1 

* Throughout the instantaneous zone; for other times see Fig. 8. 


Table 4 

Short-Circuit Performance Values of the 1 500-MVA 132-kV Pneumatically-Operated Circuit-Breaker 

of Fig. 17 (See also Table 3 and Fig. 18) 


Single-phase performance at SO cycles per second 


Test record 
number 

Duty 

cycle 

Applied 

voltage 

(kV) 

Breaking current 

Recovery 

voltage 

(kV) 

Total break-time 

Arc- 

duration 

(cycles) 

Behaviour 

R.M.S. values 

D.C. com¬ 
ponent 
(percentage 
of a.c. 
peak 
current) 

A.C. component only 

A.C. and 
D.C. com¬ 
ponents 
(amperes) 

Seconds 

Cycles 

Amperes 

Percentage 
of rating 


B 

3 

125 

950 

' 


950 

0 

113 

0-082 

4- 3 

1*5 

Peaceful 

26726 

B 

125 

930 


*■ 14 

970 

15-3 

117 

0-070 

3-5 

m 

Peacefu1 


3 










WM 



B 

125 

930 

- 


990 

21-4 




1-5 

Peaceful 


B 

3 

76 

7 150 



7 420 

19-8 

69-7 

0-058 

2-9 

0-9 

Peaceful 

26729 

B 

3 

76 

7 150 


» 110 

7 760 

29-7 

68-6 

0-062 

3-1 

1-0 

Peaceful 


B 

76 

7 070 

- 


7 140 

10 

69-6 

0-062 

3-1 

0-8 

Peaceful 


Plate, facing page 468) and Tables 3 and 4, from which it still higher speed of operation, a turbulator circuit- 

will be seen in comparison with Example C of Table 2 breaker of the small-oil-volume single-break type indi- 

that the total break-time is 4 cycles maximum instead cated in Figs. 4a and 4b has been developed. It is closed 

of 6, and 3 instead of 4-5 at 100 per cent rating; and the and opened by what may be called “ pneumo-oil ” opera- 
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tion, and the principle of its mechanical operation is to this relatively light moving contact-rod and of arrest- 
illustrated in Fig. 19. It will be seen that the inertia of ing its motion, A sufficient number of tests have been 
the moving parts has been reduced to merely that of the made to demonstrate the possibility of high-speed opera- 


Clqiinc. Coil 
Closing Valve 


Taopet fou Operating WJ 

tom *** Switches 



Circuit-Breaker No I 
Plugged in and Closeo 

Arrows Jnqicate Direction or 
Flow or Oil to OPEN 


Arrangement of Three-Phase Oil Circuit-Breaker 1 

Fig. 19.—Isometric diagram illustrating in principle the pneumo-oil operation of the low-inertia moving-contact 
members of high-speed circuit-breakers of the type illustrated in Figs. 4a and 4b. 

metal rod contact required to bridge the break between tion and fault clearance with an arc duration of the order 
the fixed contacts, and that the pneumo-oil mechanism of 1 to 1 • 5 cycles throughout the whole breaking-capacity 
uses oil as a means of transmitting the accelerating forces range. 
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(C) Automatic Reclosing of Circuit-Breakers 
The use of automatically-reclosing high-speed circuit- 
breakers to protect overhead lines against the transient 
faults referred to in Section (4) applies particularly to 
high-voltage single-tie lines transmitting large amounts 


variable, the former depending upon the characteristics of 
the synchronous plant and of the tie line as well as upon 
the severity of a fault preceding reclosure, and the latter 
upon the amount of ionized air generated during a fault, 
i.e. upon duration of fault, arc length, system voltage, 


Table 5 

An Example of Automatic Reclosing with the High-Speed 1 500-MVA 132-kV Pneumatically-Operated 
Circuit-Breaker of Fig. 17 Working in Conjunction with High-Speed Distance Protection (see 
also Table 3) 

Three-phase pneumatically-operated oil circuit-breaker fitted with horizontal turbulators and rotary moving 
contacts. 

Breaking-capacity rating at 132 kV: Symmetrical, 6 600 r.m.s. amperes (equivalent to 1 600 MV A); Asymmetrical, 
8 250 r.m.s. amperes. 

Automatic protection: High-speed ratio-balance system (distance class) and reclosing relays. 


(A) Performance of Circuit-Breaker without Protective System 



At 100 per cent of rating 

Function 




Cycles 

Seconds 

(i) Total-break time .. 

3-0 

0-06 

(ii) Time from arc-extinction to breaker fully open 

2-5 

0-05 

(iii) Total time from closing of trip-coil circuit to circuit-breaker fully open: (i) plus (ii) 

5-5 

0-11 

(iv) Time from initiation of reclosing to contact-make 

5-0 

0-1 

(v) Time from contact-make to circuit-breaker fully home 

0-5 

0-01 

(vi) Total time from closing of trip-coil circuit to circuit-breaker fully home: (iii) plus (iv) 



plus (v) .. .. .. .. .. . . 

11-0 

0-22 


(B) Combined Performance of Protective System and Circuit-Breaker, Illustrating Effect on Tie Line 


Function 

At 100 per cent of rating 

Cycles 

Seconds 

(i) Relay-operating time 

2-0* 

0-04 

(ii) Total break time of circuit-breaker 

3-0 

0-06 

(iii) Fault-clearance time: (i) plus (ii) 

5-0 

0-10 

(iv) Time during which tie line is completely de-energized: A (ii) plus A (iv) .. .. 

7-5 

. 0-15 

(v) Total time from incidence of fault to contact-make: (iii) plus (iv) .. 

12-5 

0-25 

(vi) Total time from incidence of fault to circuit-breaker fully home: A (v) plus (v) .. 

13-0 

0-26 


* Throughout the instantaneous zone; for other times see Fig. 8. 


of power between two areas of supply containing syn¬ 
chronous machinery. 

Two requirements govern the time of reclosure: on the 
one hand it should be so short that synchronous mach¬ 
inery is not in danger of falling out of step; but on the 
other hand it should be long enough to allow the fault-arc 
to extinguish itself completely, so that it does not restrike 
when the circuit-breaker is reclosed. Both times are 


fault current, and atmospheric conditions. The present 
state of knowledge is not sufficient to provide definite 
data for all voltages and conditions of supply, but as a 
guide it is possible to refer to American field-test experi¬ 
ence* on a 132-kV 60-cycle system, from which it appears 
that successful reclosures can be obtained without loss of 
synchronism if the total time between the beginning of a 

* P. Sporn and D. C. Prince: Electrical Engineering, 1937, vol. 56, p. 81. 
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fault and the reclosing of the circuit is not more than 
20 cycles, and without risk of restriking the fault-arc if 
the time during which the tie line is completely de¬ 
energized is not less than 12 cycles. These values 
correspond to 17 and 10 cycles respectively at 50 cycles 
per second. 

Although these limits would allow the use of a fast- 
. acting circuit-breaker with a fault-clearance time up to 
7 cycles, it is very desirable for the sake of reliability to 
reduce this time to a minimum by the use of a high-speed 
circuit-breaker. There are two reasons for this: the first 
is to reduce as much as possible the amount of ionized gas 
produced by the transient fault, and so to minimize the 
time during which the line must be de-energized; and 
the second, which depends upon the first, is to restore 
supply by reclosure as quickly as possible within the 
limit of 17 cycles. Further, the shorter the total time 
or de-energization is, the greater may be the power 
transmitted over the tie line without risk to synchronous 
plant. 

The performance of the pneumatically-operated 132-kV 
high-speed circuit-breaker of Fig. 17 when used for 
automatic reclosing is shown as an example in Table 5a, 
and the corresponding schedule of times, including opera¬ 
tion of the protective system and effect on the tie line, is 
shown in Table 5b. This indicates that the circuit- 
breaker can clear the fault and re-energize the line in 12 • 5 
cycles, and reclose right home in a total time of 13 cycles. 
It remains to consider how its operating times compare 
with the service requirements stated above. The fault 
would be cleared in 5 cycles, compared with the 7 cycles 
allowable; to comply with the 10 cycles required for 
de-energization of the line, the reclosing would have to 
be delayed from 7-5 cycles to 10 cycles; and the line 
would then be re-energized after clearing a transient fault 
in 15 cycles compared with the 17 cycles allowable. 

The pneumo-oil-operated circuit-breaker of Figs. 4a and 
4b is particularly suitable for automatic high-speed re¬ 
closing service at high voltages. High-speed reclosing 
of circuit breakers, by de-energizing the transmission line 
only momentarily, can form an important safeguard 
against interruption of supply. 

(6) CONCLUSION 

As a result of studying past experience in the preserva¬ 
tion of continuity of electricity supply from the point of 
view of modern conditions and tendencies and the im¬ 
proved safeguards now available, the authors offer the 
following as items for discussion. 

(1) The ever-increasing dependence of the public and 
industry upon electricity, and their increasing consump¬ 
tion of it over extended interconnected areas, have 
brought about more exacting demands for an uninter¬ 
rupted supply. In consequence, safeguards against in¬ 
terruption, without which neither economy nor continuity 
is possible, have become of even greater importance, and 
have been developed accordingly. 

(2) The interruptions of supply experienced in the past 
have usually been traceable to faults in components 
inadequately safeguarded, resulting in sustained arcing 
against which the ultimate safeguard of fire-fighting 
equipment is of little avail. Such liberation of uncon¬ 
trolled energy is in itself a powerful source of intense fire, 


which inevitably does damage of an amount depending 
upon the time for which it persists. Economical freedom 
from such liability is best ensured by rapid isolation of 
faulty apparatus. 

(3) If it is thought to be detrimental to have such inter¬ 
ruptions of supply as have occurred in the past, and if the 
risk of their recurrence is regarded as an uneconomic 
liability for the future, appropriate general, routine, and 
protective safeguards should be adopted in order to pre¬ 
vent them, with ultimate safeguards as a final stand-by. 

(4) When the available safeguards are put into a 
proper perspective of technical and economic utility, 
it becomes clear that general and routine safeguards 
cope with the risk of the occurrence of faults, that pro¬ 
tective safeguards deal with faults themselves by isolat¬ 
ing them rapidly when they occur, and that ultimate 
safeguards, although they may shorten interruptions of 
supply, are generally of little, if any, value as a means 
of preventing them, since they deal with outages only 
in their serious stages. 

(5) Adoption of general safeguards involves careful 
design of a supply network, which should be so planned 
that the most efficient and economical use is made of all 
its test-proved components under both load and short- 
circuit conditions. As far as practicable, the layout of 
the system should permit the rapid isolation of a faulty 
component to occur as an outage that does not neces¬ 
sarily involve an interruption of supply. 

(6) Amongst routine safeguards, power-factor testing 
on site may have its uses; but it can never take the 
place of the vital safeguard of high-quality insulation 
tested stage by stage during manufacture. 

(7) Protective safeguards provide the all-important 
means of ridding a supply system from a faulty com¬ 
ponent by isolating it as an outage before the fault has 
time to do serious damage. The advent of high-speed 
protective systems and circuit-breakers brings with it 
even greater effectiveness in fault clearance than has been 
afforded already by instantaneous protective systems and 
fast-acting circuit breakers. 

(8) Busbar-zone protection has not hitherto been 
usually included in supply systems, but if it is thought 
that the risk of major damage and interruption of supply 
ought to be still more rigidly minimized this form of 
protection should be more generally applied. 

(9) The avoidance of unnecessary outages of overhead 
lines by transient-fault protection, and of unnecessary 
damage of associated station apparatus by excess-voltage 
protection, is a further aid to maintenance of con¬ 
tinuity of supply. 

(10) Automatic protective safeguards suitably applied 
are an invaluable aid to the control engineer during times 
of disturbance of a supply system, since they free him 
from undue responsibility and enable him to attend to 
other duties associated with restoration of supply. 

(11) Ultimate safeguards may be regarded as a final 
means of minimizing damage by fire or otherwise and of 
dealing with hazards outside the control of the electrical 
industry. 
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DISCUSSION BEFORE THE INSTITUTION, 6TH JANUARY, 1938 


Mr. Johnstone Wright: In Table 1 the maximum 
permissible short-circuit MVA is given as 500 at 6 • 6 kV 
and 750 at 11 kV. If systems cannot be handled at these 
voltages without exceeding these MVA values, then in 
my opinion consideration should be given to the use of a 
higher voltage of transmission. 

The ‘switchgear layout shown in Fig. 3 is novel and 
attractive, in that it makes provision for inspection of all 
the component parts, including the busbars, but in order 
to give this facility it has been necessary to introduce 
numerous isolators and thus weaken the busbars. Bus¬ 
bar protection is therefore more necessary in this than 
in the normal layout. The arrangement shown in Fig. 3 
is unfortunately not a cheap one. 

I am not entirely in agreement with the authors’ con¬ 
clusions regarding ultimate safeguards (page 454). My 
experience shows that it is inadvisable to save on the cost 
of the ultimate protection in order to spend more on the 
protective gear. I think we should provide adequate 
sectionalizing arrangements, with, if necessary, automatic 
fire-fighting equipment. Although we know that some¬ 
times the reason for the supply failing is the protective 
gear, it is encouraging to recall that during 1937 the 
proportion of correct operations of protective gear on the 
grid system was 86 per cent. We hope that in time the 
figure will be 96 per cent, but to achieve this will mean 
careful manufacture and equally careful maintenance by 
the supply authorities. On the big supply systems in 
America the percentage of correct operations on the pro¬ 
tective gear is just as high as in this country, and 
American engineers are making every effort to raise their 
figure to as near 100 per cent as possible. 

The authors stress the importance of busbar protection, 
and refer to the greater use made of it in the United 
States and on the Continent than in this country. But 
engineers, even in these places, are not yet wholly 
satisfied that busbar protection is worth while. I firmly 
believe that in time busbar protection will become stan¬ 
dard practice, but before we adopt it extensively we 
should be sure that we are not introducing a hazard 
greater than the one we are trying to provide against. 
In this country the main-busbar failures, have not been 
very many compared with the number of main busbars in 
operation. We should also bear in mind that there are 
certain physical arrangements of switchboards in which 


sections of busbar are included with the circuit protection 
and do not require special protection. 

I am interested in the authors’ alternative to the 
Petersen arc-suppression coil for giving protection against 
transient faults on overhead lines; unfortunately its 
sensitiveness depends to a certain extent on the distance 
of the fault from the earthing point. I should be in¬ 
terested to know how far the authors’ experiments with 
this device have gone. 

I should be glad to have more particulars of the con¬ 
struction and action of the single-break circuit-breaker. 
From the description given in the paper it seems to me 
that the oil required for operation is kept quite separate 
from the oil for extinction; but I should like to have the 
authors’ confirmation of this. If this is not the case, the 
circuit-breaker seems to be based on the same principle 
as the “ impulse ” breaker which has been developed in 
the United States in connection with the Boulder Dam 
scheme, and recently in this country. The first installa¬ 
tion of that make of switchgear manufactured in this 
country is being installed at one of the C.E.B.’s sub¬ 
stations. 

Auto-reclosing of switches has proved invaluable'in 
America on systems operating at voltages up to 33 kV, 
and I am sure that in time it will be more and more used 
on overhead lines. The C.E.B. have tried it out in a 
small way. 

Mr. T. W. Ross : It is unfortunate that the authors 
do not describe in greater detail the safeguards dealt with 
in the paper: for instance, the only relay described is the 
high-speed directional relay (page 455). This is based on 
a principle which, I believe, is not entirely suitable for 
the conditions met with in practice, and I prefer to employ 
directional relays which are fundamentally true watt¬ 
meters. It seems doubtful whether the authors’ relay 
will operate successfully on heavy current and low 
voltage, because the flux due to the current winding may 
then be so much in excess of that due to the voltage 
winding that the latter would be insufficient to provide 
the unbalance necessary to operate the relay. Some 
further information on this point would be of interest. 

High-speed directional relays based on the induction- 
wattmeter principle, having an operating time of less 
than 1 cycle, are in successful use in this country, and it 
has not been found necessary to introduce artificial delay 
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to overcome transient phase-displacement. Perhaps the 
authors could state why they consider a delay of 1 to 
1| cycles is necessary in the case of their relay when such 
delay is not necessary for wattmeter-type relays. I 
would also like to know by what means the delay is 
obtained. 

The Interlock protective system described on page 457 
apparently depends upon time as a stabilizing factor, but 
I consider that some arrangement for controlling the 
sequential operation of the relays and locking signals is 
preferable, particularly when such small intervals of time 
are employed. 

The chief difficulty with busbar-zone protection is to 
design a system which is reasonably simple, selective, 
and completely stable during all conditions met with in 
practice. The problem becomes much more difficult 
when multiple-busbar systems are under consideration, 
particularly when safety interlocks are introduced in the 
tripping circuits. It is probably desirable to include 
some safety interlocking in certain schemes, but if by 
doing so they are made very complicated there is a 
danger that other hazards may be introduced. The 
company with which I am associated have for many 
years supplied busbar-zone protection in which stability 
has been obtained by an electrical bias feature instead of 
by safety interlocking. The scheme also allows of the 
use of a separate differential relay for each circuit- 
breaker, and so avoids the possibility of the inadvertent 
operations of one relay tripping all the circuit-breakers 
on a busbar. In some cases an additional safeguard has 
been introduced by designing the relays so that they will 
not operate until the switchgear framework becomes 
alive due to a busbar-zone fault. 

The authors’ alternative to the simple Petersen coil 
seems to have no outstanding advantage. Experience 
has shown that with correctly-designed coils there is 
practically no rise in voltage due to resonance, and, 
moreover, the voltage between the faulty phase and 
earth recovers slowly owing to the damped oscillatory 
circuit formed between the inductance of the coil and the 
capacitance of the lines. It is this latter fact which 
makes the Petersen coil a practical proposition. 

It is doubtful whether high-speed auto-reclosing circuit- 
breakers could be successfully employed where the fault 
has resulted in a complete severance of the tie between 
the synchronous plants, but there is every possibility of 
its being useful in cases where the faulty circuit is not 
the only tie. 

Mr. H. Trencham: I think it would be helpful if 
closer touch could be established between users and 
manufacturers in respect of the behaviour of supply 
systems and of apparatus connected with them. A com¬ 
plete knowledge of the cause of a disturbance must neces¬ 
sarily be a considerable step towards its elimination. I 
should like to see, for example, a sufficient number of 
automatic oscillographs installed on power systems to 
enable us to find out what happened during a fault. The 
information collected in this way would be much more 
accurate than that obtained from log sheets and the few 
instrument readings which are generally available. In 
this respect we lag considerably behind the United States. 

I should like to ask to what extent the authors would 
expect that the arrangement shown in Fig. 3, which 


provides for easy maintenance and inspection, could 
avoid the necessity for busbar protection. It seems to 
me that busbar protection is even more necessary on 
gear of this kind than on the ordinary type of gear. 

Some of the recently-suggested changes based on oil- 
fire risk would have the effect of militating against 
enclosure of switchgear. I think that the advantages to 
be derived from the abandonment of metal enclosure 
would be a heavy premium to pay against the risk of an 
oil fire. The designer of the arrangement shown in 
Fig. 4 a has been at pains to provide quick removal and 
replacement of changed parts. I am not sure whether 
such elaboration is justified, however, because the 
advantages gained are those which are inherent in open- 
type gear. In gear for lower voltages it has been found 
possible to retain all the advantages of complete metal 
enclosure and yet at the same time to render the con¬ 
ductors reasonably available for attention in case of 
emergency, and I think the means whereby this has been 
achieved might well be examined in respect of the larger 
units of metalclad construction for power-station work. 

As regards busbar arrangements, there is a great deal 
to be said for a simple single busbar ring for each station 
section, the sections being kept as small as possible and 
interconnected through tie reactors. 

Finally, I believe that high-speed circuit-breaker action 
' is the right way of dealing with faults, as it enables one to 
combat instability most effectively. Moreover, instan¬ 
taneous reclosure of circuit-breakers is the right method 
of treatment when faults are, or can be made, self¬ 
clearing, but it may not be so effective on cable systems 
as on overhead lines. 

The circuit-breaker shown in Fig. 19 is an arrangement 
for using the oil in place of the more usual cross-bar 
insulator, for obtaining a high speed of break. Pneu¬ 
matic operation, however, is the primary source of the 
high speed, and as it is necessary to accelerate two pistons, 
a piston rod, a,nd a considerable quantity of oil, I should 
expect that the aggregate of the mass to be dealt with is 
greater than with more usual designs. The design 
appears also to be subject to the disadvantages that the 
moving conductor would be difficult of access for inspec¬ 
tion, and that energy has to be applied for both opening 
and closing the circuit. 

Dr. W. Wilson: When Mr. Clothier’s last paper* was 
discussed before The Institution I made a number of 
comments as regards the protective-gear section, and I 
am pleased to observe that several of the developments 
discussed in the present paper have proceeded along the 
lines I advocated. There is no need, therefore, to repeat 
my previous remarks as to the advantages of fully 
instantaneous protection. The use of unscreened pilot 
cables and also of “ solid ” core current-transformers are 
other features I have urged. The paper rather suggests 
that the solid-cored system for feeders is a novelty, but 
my own firm have employed it since 1920 and have never 
had cause to regret the decision. 

I consider that the scheme shown in Fig. 11 is still too 
elaborate. If the authors would only use a biased system, 
they would secure a simple and therefore a reliable 
arrangement; and with this there would be a material 
gain in stability, through the possession of a floating 
* Journal LEM., 1932, vol. 71, p. 285. 
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fault setting, which is low for ordinary loads (at which 
internal faults usually originate) and high for through 
short-circuits. Incidentally, the authors seem a little 
nervous as to the stability of some of their schemes. 
For example, they double-bank their relays in more than 
one instance, on the principle that if one does not behave 
itself the other will save the situation; while in the system 
of busbar protection shown in Fig. 11 they avoid the 
decisive step of tripping the breaker by making the relay 
sound an alar m, although surely time is a vital factor in 
the case of a busbar fault. 

I agree with the authors and with previous speakers 
that busbar protection should now be incorporated in the 
scheme of safeguards against interruption of supply. 
The busbars are the most difficult part of the system to 
protect, and, as Mr. Johnstone Wright has told us, they 
are in general very reliable; for these reasons they were 
left to the last when protective gear was being developed. 
Efficient and reliable busbar protection is, however, now 
available, and the scheme of protection should be made 
complete by including this feature. 

Mr. L. Gosland: I should like to know whether 
there is in progress or projected in the immediate future 
any experimental work to supplement the theoretical 
study on which Fig. 2 is based. 

The authors describe a cheap form of busbar-zone 
protection involving over-current and earth-leakage 
relays, and state that this suffers from, amongst other 
things, lack of discrimination. I should like to know 
whether this lack of discrimination is inherent in the 
system or whether it arises from the fact that we are 
not able to calculate the maximum fault currents with 
sufficient accuracy. There is no doubt that there is a 
great deal that we still do not know about system 
impedance under short-circuit conditions; for instance, it 
is a matter of considerable difficulty to calculate the 
current which would flow in an earth fault near a sub¬ 
station fed by several cables in parallel. In connection 
with such problems as this, as well as with others in 
which the E.R.A. are interested, there is great need for 
a series of short-circuit tests at representative sites, the 
use of such tests in this particular instance being that 
from the results obtained we can check the accuracy of 
the methods used to calculate fault conditions under 
which relays and circuit-breakers have to operate. 

In Fig. 5 the authors show how a fault in an unpro¬ 
tected zone gave rise eventually to serious faults in other 
zones, and complete shutdown of two switch-houses. 
Complete protection of all plant, including busbar zones, 
would of course reduce the possibility of such a chain of 
events arising, simply by cutting down the time for which 
any fault is allowed to persist; but I should like to know 
whether the authors think that with protective gear 
covering all zones, faulty sections would be cut out so 
rapidly that the risk of such a sequence of events arising 
would be so remote as to be not worth while guarding 
against. There is no doubt that if the subject were 
properly investigated we should be able to find out 
exactly what are the stresses causing these consequential 
faults, and to prescribe means by which apparatus could 
be strengthened against them, but there is little point in 
making such a tedious investigation if action on the 
results of it is not going to be economically justifiable. 


A case in point is the sequence of events outlined in the 
authors 5 Fig. 5. The consequential faults there arising 
were due primarily, not only to the fact that the initial 
fault was allowed to persist, but also to the fact that the 
neutral earth-resistor, which was essentially the com¬ 
ponent protecting the system against such consequential 
faults, was not up to its job and had to be either protected 
or allowed to burn out. The above is an example of 
economic considerations dictating the installation of pro¬ 
tective plant which it must have been foreseen would be 
inadequate in certain unlikely eventualities, when its 
failure would be bound to give rise to the consequential 
faults described. 

Finally, with regard to the low-inertia, low-oil- 
content turbulator breaker illustrated in Fig. 19, one 
presumes that the amount of oil contained in the switch- 
tank proper has been reduced as far as possible, and it 
would be interesting to learn the authors’ reason for using 
oil as the mechanical operating link and so adding appre¬ 
ciably to the total' oil-content of the switch. It is of 
course appreciated that in the example illustrated the 
switch is used with oil-filled busbars, but presumably the 
switch could be used with other types of busbar, in 
which case the oil incorporated in the switch itself would 
be the only oil on the site. 

Dr. C. C. Garrard : All engineering consists of recon¬ 
ciling different points of view, and if generalities are to 
be applied it is necessary to reduce them to a statistical 
basis. What I have in mind is very well illustrated by a 
letter I had recently from a friend of mine in the United 
States. The supply companies there desired to obtain 
exact information regarding the performance of oil 
circuit-breakers, and to this end they took a census of 
24 000 automatic oil-circuit-breaker operations which 
had occurred in the 5-year period ending December, 
1935. It was found that only in I case out of every 800 
was there a serious unsatisfactory operation, and in less 
than 1 case in 2 400 operations was there an oil fire of 
any consequence. The American engineers regarded this 
record as excellent. I doubt whether we should be so 
satisfied with such results in this country, and I think 
that we could show a still better result. It would be very 
useful if we could obtain similar figures as regards busbar- 
zone faults, as they would enable us to judge better 
whether the added complications and cost of busbar-zone 
fault protection are justified. 

Looking at the remarkable type of switchgear illus¬ 
trated in Fig. 4a, I am reminded of the developments in 
the general design of high-voltage switchgear which have 
taken place in my own lifetime. About 35 years ago it 
was found that switchgear troubles chiefly occurred at 
the back of the switchboard, which was actually a 
switch-board in those days. Dr. Ferranti therefore pro¬ 
posed that we should employ switchboards without any 
backs. The next advance was to put the switchgear into 
boxes or cubicles, and to fill the boxes up solid with 
compound, so that the customer could install the switch- 
gear and then forget about it. The switchgear illustrated 
in Fig. 4a seems to be a reversion to the cubicle type, as 
I presume the insulation of the parts consists of air. I 
notice that the authors have not given a name to this 
type of switchgear, and I suggest that they might call it 
the " jigsaw ” type. 
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It seems to me to be going too far in the pursuit of 
accessibility to pull out the busbars when it is desired 
to see whether they are functioning satisfactorily. In 
my opinion a properly constructed busbar requires little 
or no maintenance. 

I cannot quite understand the function of the duplex 
busbar-section isolating switch shown at the bottom of 
Fig. 3. When this switch is opened and earthed, it does 
not seem to earth anything in particular. If we con¬ 
sider one of the four switch-houses illustrated and 
imagine all the busbar-section isolating switches closed, 
then it will not be possible to open any one of them with¬ 
out first making the busbar dead—unless the isolating 
switch is placed in the half-cocked position, which is 
very dangerous. 

Are the plug sockets in Fig. 4 b of the air type ? If so, 
I think they are very undesirable on 66-kV gear. If they 
are of the oil type, then they necessitate the use of 
increased quantities of oil, the reduction of which, I take 
it, has been the main object of this design. With this 
design, although the quantity of oil in the circuit-breaker 
proper has been much reduced, some of it has been put 
back into the operating gear. While the authors’ 
pneumatic oil operation is very ingenious, I cannot see 
that it is in principle any quicker than the mechanical 
trip. 

As air is used for setting the oil in motion, it appears 
to me that it would have been logical to use air to quench 
the arc, high-pressure air being a better arc-quenching 
medium than oil, even if the latter be contained in the 
best form of turbulator. If this idea were adopted the 
oil would be done away with altogether. 

I regard the method shown in Fig. 5 of joining up two 
switch-houses as highly dangerous. The cable shown 
should certainly be protected by circuit-breakers at both 
ends. The best way in which this can be done is to 
connect the various sections together via a tie busbar, 
with oil circuit-breakers in the connections to the tie 
busbar. 

I should be glad if the authors would indicate how the 
indicating lamps are connected in Fig. II. 

In the various busbar-zone systems of protection, 
alarm relays are proposed to be set lower than the master 
relays. While this scheme has been applied to cables, I 
doubt whether it is possible to use it with busbar protec¬ 
tion. If busbar protection be used, the operating relays 
should be set as low as it is possible to set them, stability 
being attained by other means than setting the operating 
relay high. ‘ 

The system of arc suppression by voltage injection 
shown in Fig. 15 is very ingenious and would, I think, 
have been justified during the life of the patents covering 
the Petersen coil; but as these patents have now expired 
the Petersen coil is much to be preferred, owing to its 
greater simplicity. I think Petersen coils will be used 
more and more freely in the future, on cable systems as 
well as on overhead lines. Experience is available which, 
if confirmed, will show that the Petersen coil when applied 
to cable systems adds considerably to the reliability of 
supply. 

The subject of impulse testing is of great interest at 
present, especially in connection with transformers. For 
the usual forms of insulation used in switchgear, the 


impulse ratio is higher than that of the insulators on 
overhead lines. It would be very desirable, however, if 
standards for impulse ratio could be fixed. 

Mr. W. A. Coates: The authors’ remarks on voltage 
co-ordination must be interpreted with some caution. 
On overhead lines it is almost the universal practice to 
use insulators which when clean have a high flashover 
value in relation to the system voltage, the object being 
to get a good factor of safety when dirty. Switchgear or 
transformers having impulse-voltage characteristics co¬ 
ordinated with the characteristics of clean line insula¬ 
tion would be prohibitively more costly than standard 
apparatus. In spite of what Dr. Garrard has said, in 
my opinion it is essential on overhead lines to fit some 
form of high-speed spark-gap or lightning arrester. 

Bridge tests of switchgear installations are to be pre¬ 
ferred to periodical over-voltage tests, and most switch- 
gear can be constructed in such a way that when it is 
being tested on site the units of insulation can be divided 
up into groups sufficiently small to enable one to make 
use of the Schering bridge. Provided then that such 
apparatus has been tested in precisely the same way at 
the time of manufacture, progress in insulation deteriora¬ 
tion can be detected weeks before any breakdown can 
possibly occur, and thus an actual failure can be entirely 
prevented. 

I am glad to find further converts to the idea of rapid 
reclosure of circuit-breakers to prevent outages. For 
some years past the Victoria Falls and Transvaal Power 
Co. have operated two of their transmission lines per¬ 
manently in parallel and so arranged that, if a fault 
occurs, No. 1 circuit-breaker trips. This is then reclosed, 
and automatically No. 2 circuit-breaker is then tripped 
and reclosed. Originally a time-interval of 2 sec. was 
employed, but about a year ago this was reduced to 1 sec. 
and the results obtained since have been much more 
successful. The notion behind this method of working is 
that, the district being very much affected by lightning, 
when the transmission system is struck both lines are 
probably involved. 

I should be glad if the authors could state whether the 
reclosing times given in Table 5 (a) were obtained imme¬ 
diately following a tripping movement. With circuit- 
breakers like the authors’, which are operated by a fluid, 
there is a considerable time-difference between an open- 
close motion and an open, stay open for a short time, and 
then reclose. 

I am sorry that the authors have coined the term 
,f pneumo-oil if we must have a special term, I suggest 
that " oleo-pneumatic ” is preferable. 

The remarkably short arc times given by the breakers 
referred to in Tables 3 and 4 are more characteristic of an 
oil-pressure or impulse type of breaker than of one which 
is operated by the generation of gas by the arc. It seems 
to me that these times can only have been obtained by 
risking much higher pressures within the arc-control 
device than are customary. * If the authom have taken 
any pressure records within the arc-control device, I 
should be interested to see them. 

Mr. P. Mathews: I propose to confine my remarks 
to Section (3), “ Protective Systems for Short-circuit 
Faults.” 

On page 457 the authors state that balanced systems 
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of protection have given satisfactory service for protection 
of generators, transformers, etc., but that an exception 
exists in the case of power transformers with on-load 
tap-changing or with a high ratio of transformation. In 
such cases the authors prefer overload and restricted 
earth-leakage protection. At least one scheme of 
balanced current-transiormers, known as “magnetic 
balance protection,’’ is widely used for the protection of 
such power transformers. With this scheme the wider 
the transformation ratio the better, and tap-changing on 
load up to ±10 % is readily taken care of without de¬ 
parting from the use of a simple type of relay. Fig. A 
shows the essentials of this scheme. Neglecting for the 
moment the feature that the high-voltage current trans¬ 
former has its core divided into two halves, the simple 
magnetic-balance principle due to Fitzgerald appears, 
whereby the low-voltage current transformer produces 
in the high-voltage current-transformer secondary an 
m.m.f. exactly equal and opposite to that of the high- 
voltage primary. Thus the core of the high-voltage 
current transformer is not magnetized at all except when 
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there is a difference between these m.m.f.’s due to the 
occurrence of a fault, so that the relay which is connected 
to a separate winding on the high-voltage current trans¬ 
former is not energized, however large the through 
current. 

Clearly it is immaterial how small the high-voltage 
primary current or how large the low-voltage, i.e. how 
wide the ratio of transformation. In fact, the larger the 
low-voltage primary current the better, since the low- 
voltage current transformers take the entire pilot burden. 
Further, it does not matter how large is the diameter of 
the high-voltage bushing current-transformer, or how 
large is its magnetizing current as a current transformer. 
Owing also to its being unmagnetized under stability 
conditions, high-permeability alloy of low saturation 
point can be used, giving excellent sensitivity. 

Considering now the question of out-of-balance due to 
on-load tappings, which is the commonest practical case, 
the high-voltage current-transformer core is split into 
two equal halves (see Fig. A) with unequal numbers of 
turns. The average number is such as to give the 
requisite magnetic-balance m.m.f. described above. The 
difference gives an equal and opposite magnetization in 
the two halves, which is without direct effect on the 
relay since the two opposite induced e.m.f.’s cancel. 
The effective permeability, however, is so altered with 
increasing through current that the ampere-turns required 
Vol, 82. 


to operate the relay increase more rapidly than those 
tending to do so, owing to the tap out-of-balance. At 
normal-load through currents the effect is to improve 
the sensitivity, somewhat in the manner of the com¬ 
pensated current transformer described by Messrs. 
Wellings and Mayo,'-" to whom this further development 
is due. 

This scheme affords protection against inter-turn and 
inter-tap contactor faults, which the overload and re¬ 
stricted earth-leakage system, of course, does not. This 
principle is also extensible to the case of transformer 
feeders with h.t. circuit-breakers at one end only, where 
relays are required at each end of the feeder. 

The authors are very properly concerned with the 
stability of busbar-zone protection, and there would 
seem to be broadly two causes of instability: (1) damage 
to, or failure of components of, the protective system; 
(2) wrong design of the current transformers or relays. 

With regard to (1), this can only be dealt with by care 
in manufacture, factory and maintenance testing, and 
tripping by two sequential operations, using independent 
components; the chances against false tripping due to 
simultaneous failure of both being then enormous. In 
respect of independence, the Time-lock system (Fig. 13) 
seems superior to the Dualock (Fig. 12), which uses the 
same current-transformers for both. 

With regard to (2), provided simple standard-type 
relays are used these will not usually be found in error, 
if correctly co-ordinated with the current transformers, 
but it may be that many engineers still have doubts 
of the possibility of correct current-transformer design 
owing to unfortunate experiences in the past, where 
attempts have been made to balance current transformers 
having a large magnetizing current (i.e. large compared 
with the relay setting), even including, in extreme cases, 
air-gap transformers. A priori, however, it is clearly 
better to design properly than to use a second line of 
defence against improper design, and there is to-day no 
difficulty in designing current transformers to give the 
requisite sensitivity and stability, even with the use of 
instantaneous-type relays and where a large number of 
circuits are connected to the busbars. In recent years, 
operational methods of analysis as introduced by Heavi¬ 
side have become better understood, enabling a clear 
picture to be obtained of the conditions obtaining when 
a protective system is subject to suddenly-applied 
through currents. 

Further, there are now testing plants in existence 
enabling oscillograph records to be obtained of the spill 
current and other electrical and magnetic conditions 
occurring under actual conditions of suddenly-applied 
large currents of the same magnitude as the short-circuit 
fault currents encountered in practice. Such experi¬ 
ments constitute a true and satisfactory operation test, 
and afford a definite measure of the stability margin 
available. 

Mr. D. R. Davies: On page 448 the authors advocate 
the enclosure of all live conductors, and I agree that this 
is the first step to be taken to ensure continuity of supply ; 
but I think it a pity they do not emphasize the additional 
precaution of immersing all these conductors and insu¬ 
lators in oil. It is not clear from the descriptions of some 
* Journal J.E.E., 1930, vol. 68, p. 730. 
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of their switchgear whether it is air-filled, nitrogen-filled, 
or oil-filled. Tests of insulation at the works will usually 
prove the quality of the material and the design, and if 
the conductors are immersed in oil subsequent deteriora¬ 
tion can only depend on moisture absorption, which the 
oil will undoubtedly prevent. Oil immersion also avoids 
the frequent necessity for removing switchgear or taking 
it to pieces. 

Regarding the layout shown in Fig. 3, I fail to find any 
feature which justifies the use of a mesh scheme for 
power-station work. Although the necessity of duplicate 
busbars for substations is sometimes doubtful; duplicate 
busbars are essential for a main station if the requisite 
flexibility in operation is to be provided. 

I suggest that the authors should include in their reply 
to this discussion a section showing the design of Fig. 3 
adapted for duplicate-busbar service. 

I should like to know the function of the double earth 
switches shown in Fig. 3; they seem to earth each other. 
Nevertheless, no means seem to be provided for earthing 
the interconnecting cables or the reactors or the outgoing 
cables. Is it possible to earth the various components 
through the circuit-breaker, especially in the outgoing 
cables, and is it possible to apply a high-voltage test to 
the outgoing cables ? ■ I suggest that the authors should 
supplement the diagrammatic layout of Fig. 3 by a 
section through the switch-house, indicating their pro¬ 
posals for protecting control cables against fire hazards. 

I am disappointed to find that the authors have 
adopted what they call " pneumo-oil operation.” Tests 
show that it is possible to obtain 4 to 5 cycles' interrup¬ 
tion with a conventional solenoid-operated breaker; and 
with such a design the contacts and other parts are more 
accessible than with the authors' new breaker. I hope 
that when the paper appears in the Journal it will 
contain oscillograms and short-circuit test data confirm¬ 
ing the claims made for this design. 

Mr. C. J. O. Garrard: Avoidance of faults is very 
largely a question of maintenance, and a considerable 
proportion of faults could be prevented from becoming 
dangerous were they detected when incipient. I have 
nevertheless heard the opinion expressed that it is better 
to build switchgear so that inspection is as far as possible 
unnecessary, because, it is alleged, accidents most often 
occur during inspection. I do not share this view, nor, 
apparently, do the authors, as they have gone to much 
trouble to adapt a metalclad construction (page 450) 
which is fundamentally not one that allows freedom for 
inspection, in such a way that one can take it to pieces 
and examine all the parts. This appears to me a some¬ 
what troublesome way of achieving accessibility, which 
can be more easily attained by mounting the apparatus 
in cubicles, with doors for inspection. 

Presumably one of the main advantages claimed for 
the gear illustrated on Fig. 19 is its compactness. Is not 
compactness a virtue that is somewhat overrated, parti¬ 
cularly when, as in this case, it is attained at the expense 
of a very large quantity of oil ? The financial advantages 
of compact gear are obvious, as is the fact that air- 
insulated cubicle gear takes up more space than oil- or 
compound-filled metalclad gear. I imagine, however, 
that the greater dispersal of cubicle gear may under 
certain circumstances be a considerable advantage, par¬ 


ticularly in view of the unfortunately necessary ah raids 
precautions. In the event of damage by bombs, or by 
the more ordinary hazards of service, a cubicle board 
would be easier to get into commission again quickly 
than a metalclad board, where the small clearances would 
prevent the use of improvised connections. 

According to the authors’ description of the gear 
illustrated in Figs. 4a and 4b, the piston in the lower 
part of the lower bushing is used to inject oil into the 
turbulator pot as the breaker opens. It appears that 
the volume injected must be very small, so that no 
strong blast effect is obtained. One would therefore only 
expect the injection to have much effect at quite low 
ratings. Is its effect at all considerable ? The new 
circuit-breaker (Fig. 4b) has no visible latch for the 
moving contact, or means of indicating its position. 
Are the authors confident that if such a breaker were 
left closed for a long time there would not be a danger 
of the vibration due to the alternating current causing , 
the moving contact to work open ? 

The results obtained with the arc-control pots fitted to 
the 132-kV breaker illustrated in Fig. 17 are remarkable. 
It would be interesting to know how the pot, which 
apparently consists of a number of plates held together by 
bolts, has been made to resist successfully the internal 
pressure, which, in view of the short arcing times, must 
be high. I have found that the presence of metal bolts 
in high-voltage arc-control pots is disadvantageous. Are 
the heads of the nuts and bolts in this case insulated, and 
in what direction are the vents to the pot directed ? 

In Fig. 17, on the right-hand side the end of the pot 
nearest the fixed contacts is shown covered with a plate 
in which there are a number of small holes. What is the 
object of these holes ? 

Mr. A. G. Lyle ( communicated ): The Petersen coil 
appears to be gaining favour for the protection of over¬ 
head lines at voltages even below 110 kV, and several 
authorities have expressed satisfaction as to its efficiency 
as a protective system. The voltage-rise on the healthy 
phase apparently does not cause such concern as earlier 
existed and which made resistance or direct earthing 
almost universal in this country. 

One arrangement which may be of interest has 
been adopted on an overhead transmission system. 
The system is normally run with an unearthed neutral, 
but if one phase becomes earthed, thus increasing 
the voltage relative to earth of the remaining phases, a 
relay operates, after a time-lag, and connects the system 
neutral to earth through a resistance, and as fault current 
is then allowed to flow automatic tripping takes place 
instantaneously. The main circuit-breaker recloses and, 
as it does so, trips out the earth switch. If the un¬ 
balanced-voltage conditions persist owing to an earthed 
phase, the cycle of operations is repeated a predetermined 
number of times, after which the main circuit-breaker is 
left open and the neutral earthed. The advantage of 
the scheme is that during normal conditions there is an 
insulated neutral, whilst in the event of a temporary 
arcing earth on one phase no tripping need take place. 
On the other hand, if the earth persists it is turned 
temporarily into a fault condition for tripping purposes 
only. 

Where oil-filled busbars are used, gas relays of the 
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Buchholz type ofifer a promising solution, avoiding some 
of the complication which attends differential systems 
where a large number of circuits are connected to the 
same busbar. 

Mr. S. W. Melsom ( communicated): Manufacturers of 
impregnated paper-insulated cables will doubtless agree 


For paper-insulated cables operating at any voltage 
less than 20 kV the practice of cable makers is to adopt 
a maximum short-circuit capacity of 125 000 amperes per 
sq. in. for a fault lasting 0-2 sec. This limiting value is 
an inverse function of time, and for a short-circuit period 
of 1 sec. is reduced to 55 000 amperes per sq. in. 



Fig. B 


that a maximum conductor temperature of 120° C. is 
reasonable under short-circuit conditions. Fig. 2 has 
been based on the difference between this figure and 
an assumed maximum of 65° C. for normal continuous 
loading. The latter figure is lower than is now recom¬ 
mended, and consequently the short-circuit ratings 
obtained from Fig. 2 are somewhat high. 


The safe maximum short-circuit currents recommended 
by the Cable Makers’ Association for various cable-sizes 
and time-periods are shown in Fig. B. These values 
are based on the same conditions as those assumed by 
the authors, namely making no allowance for possible 
asymmetry of the short-circuit current and ignoring 
current decrement. A further important factor which 
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has been taken into consideration in formulating these 
recommendations is the risk of mechanical damage to the 
cables due to repulsion between the conductors. 

It is interesting to note that reference to cable short- 
circuit ratings has recently been made elsewhere in the 
Journal * The calculations in that case are based on 
alternative initial temperatures of 20° C. and 50° C., and 
are therefore still more optimistic than those quoted by 
the authors. 

This is a matter on which adequate research is difficult 
owing to the numerous variables involved and the heavy 
test-currents required. It is to be hoped, however, that 
further data on this subject will be forthcoming, but in 
the meantime it is not considered advisable that the 
values obtained from Fig. B should be exceeded. 

Mr. F. W. Rogers [communicated ]: The routine safe¬ 
guard tests mentioned in Section (2)(B) of the paper are 
presumably the best for their purpose that the authors 
have found. They are tests that would be made, in 
practice, by the testing engineer attached to the “ pro¬ 
tective ” or " relay ” section of an undertaking’s mains 
department. I suppose such tests would not be made 
frequently; on a large system, once in 3 months for each 
primary feeder and interconnector might be sufficient to 
keep the testing staff fully occupied. Most undertakings 
now have a less rigorous system that can be applied more 
often, and the authors’ opinions on this system would 
serve to make clear both the lower and the upper limit of 
adequate testing. 

In one undertaking every primary and secondary 
feeder (operating at 33, 22, and 11 kV) on a network 
that contains over 300 substations is tripped at each end 
in turn, and on each phase, by hand operation of every 
protective device that exists, every month. This sounds 
a comprehensive programme; and so it is. It is clear, 
however, that only the d.c. side of the protective systems 
is tested, and that a possible cause of trouble such as a 
“ sticky ” relay movement would not be revealed. If 
the oil switch does not trip on a certain phase a thorough 
examination follows, but irregularities between the pro¬ 
tective current-transformer and the spindle that carries 
the tripping contacts do not show themselves in their true 
colours. 

It is true that the d.c. half of the equipment is as 
important as the a.c. half; and that with the system I 
have mentioned the mechanical operation of the oil 
switches is tested, and station operators and outside 
engineers become familiar with protective relays more 
quicldy than they would if they handled them only when 
the settings had to be changed. Yet the very large 
number of engineers who must be taken away from 
their other work, and the amount of alternative switching 
needed to carry load while feeders are out of commission, 
makes one doubt whether the end does justify the means. 
Is there a way of using the staff and the time to achieve a 
higher standard of testing somewhere between this and 
the best described by . the authors ? 

p ar t—and, in my opinion, a large part—of the control 
engineers’ and station switchboard attendants salaiies 
should be charged, in our thinking about these matters, 

• to £ ‘ continuity of supply.” The title of the paper, " Safe¬ 
guards against Interruptions of Supply,” may reason- 
* Ci. J. H. Haws: Journal J.E.E., 19.3S, vol. 82, p. 81. 


ably include the operators as well as the gear they operate 
and the instruments that guide them.. In the smaller' 
stations—particularly when the outlook is smallei these 
men are in an awkward position. Their normal lives are 
spent waiting for something to happen, but when it does 
happen the shift engineer, or a super control office, takes 
charge. The attendant performs his complete duty only 
when his superiors are absent or overloaded with work: 
that is, his experience of switching and relay opera¬ 
tion is gained at precisely the time when he should 
be applying it. The problem is important enough be¬ 
cause in some cases the chief control office is closed from 
about midnight until 7 or 8 am.—the period when 
switching for the benefit of the mains engineer is usually 
done. Is there a method of keeping men in a fit con¬ 
dition, alert and au fait with their system, between 
rare experiences of operating on their own responsibility ? 

Dr. P. F. Stritzl (< communicated ): On page 464 the 
authors refer briefly to arc-suppression by Petersen coils 
and, as an alternative, by voltage injection. It is 
claimed that the latter system achieves a similar effect 
without resort to a resonant circuit. I consider this to 
be impossible since the use of a resonant circuit is the 
feature of the Petersen coil which ensures the arc-sup¬ 
pressing effect, inasmuch as it prevents re-strildng of the 
arc, and thus makes the occurrence of an arcing-earth 
impossible. It seems from Fig. 15(5) that the voltage 
injection without a resonant circuit causes the full line 
voltage to reappear across the arc space immediately 
after the arc is extinguished, and re-ignition is almost 
certain to occur under such circumstances. 

Another aspect which the authors seem to have disre¬ 
garded is the damage to line insulators following the 
discharge to earth across an insulator. With a Petersen 
coil this discharge is limited to one or a few half-cycles, 
and remains harmless. With the voltage-injection 
scheme, however, there is an unavoidable delay before 
the various switches are operated, and during this time 
the neutral is earthed through a resistance of compara¬ 
tively low value, so that the insulator is likely to suffer 
before voltage injection is brought into play. 

Furthermore, the considerable number of relays and 
switches seems to be a very undesirable complication 
and increases unduly the cost of the equipment. It 
seejns, therefore, that the voltage-injection scheme, 
though perhaps preferable to solid earthing, is decidedly 
inferior to the Petersen coil method in more than one 
respect, and I can hardly believe that it will find much 
application. With reference to the Petersen coil scheme, 
the authors seem to take it for granted that only earth 
faults of a transient nature are dealt with without an 
outage, and also that its application is limited to over¬ 
head lines. General experience, in this country and 
abroad, on numerous networks, both overhead and 
underground, has proved conclusively that there is no 
objection from the operation point of view to applying 
Petersen coils on every type of high-tension network, 
and to making full use of their ability to continue 
operation with one phase earthed even for considerable 
periods. 

On page 465, the authors refer to surge arresters and 
mention, as an alternative, an arc gap in combination 
with arc-suppression or auto-reclosing. Such a scheme 



AGAINST INTERRUPTIONS OF SUPPLY: DISCUSSION 


481 


would be liable to the development of rather frequent 
phase-to-phase faults., and I cannot imagine it being 
adopted. The action of modern surge arresters is so 
rapid, their price so moderate, and their discharge 
capacity so high, that any departure from this most 
successful piece of apparatus is more than unlikely. 

Lt.-Col. W. A. Vignoles ( communicated ): The authors 
mention two routine “ quality tests of high-tension 
switchgear: (ci) an insulation test with a Megger tester, 
and (6) a power-factor test. As regards the former, they 
consider that, while this gives an indication of quality, 
it cannot be regarded as a useful routine site-test for 
predicting the state and probable life of high-voltage 
insulation. The alternative power-factor test, they point 
out, has distinct limitations when applied to installations 
in service. There is a fundamental difference in the two 
methods of testing which is of very great importance. 
If an insulator is defective and the insulation resistance 
is low, a power-factor test on that insulator will disclose 
the fact. If, however, additional and sound apparatus 
is connected to the defective insulator, the power factor 
is improved, so that in a large installation the effect of a 
fault may be completely masked. When a test is made 
with a Megger insulation tester, however, if a defective 
insulator is in the circuit the addition of other apparatus 
of high insulation resistance does not mask the effect. 
The low resistance is not increased whatever apparatus 
is added. 

The interesting question then arises as to what voltage 
should be used when measuring the insulation resistance 
of high-voltage switchgear. In Mr. Evershed’s paper on 
" The Characteristics of Insulation Resistance,” read 
before The Institution in 1913, 1 * he proved that most 
insulating materials show a decrease in insulation resis¬ 
tance as the testing pressure is increased. It should be 
noted, however, that Mr. Evershed’s tests were only 
carried up to 500 volts, and that there is considerable 
flattening out in the curve before that pressure is reached. 
The materials he was testing also were mostly of an 
absorbent character, and he proved that the variation in 


insulation resistance was due to the presence of moisture. 
Materials tested by Mr. Evershed that were entirely non¬ 
absorbent had a constant resistance with varying 
pressure. 

Since Mr. Evershed read his paper. Megger insulation 
testers have been constructed for higher pressures, and 
instruments operating at 1 000, 2 500, and 5 000 volts are 
now available. Recently some tests were made on leaky 
condensers, and these showed the same insulation resis¬ 
tance when tested at 5 000 as at 500 volts. This may be 
due either to the non-absorbent character of the insula¬ 
tion, or to the flattening out of the curve. 

It seems probable that the insulation used in modern 
high-voltage switchgear is almost entirely non-absorbent, 
and possibly an installation can be regarded as a homo¬ 
geneous conductor of high specific insulation resistance. 
If this be so, there is no point, when measuring the in¬ 
sulation resistance, in raising the pressure above that 
required to get the sensitivity necessary for the high 
values of insulation resistance likely to be present. In 
this connection attention must be drawn to the difference 
between measuring insulation resistance and making a 
“ flash test,” in which the insulation is stressed in order 
to find weak places. Few engineers would care to make 
a flash test part of their routine, however valuable it 
may be when taking over new plant. 

The 5 000-volt Megger insulation tester, which can be 
built to measure insulation values up to 20 000 megohms, 
has been asked for by engineers responsible for the main¬ 
tenance of large 3 000-volt a.c. motors and other high- 
tension plant, but in these instances, no doubt, the 
insulation is of a slightly absorbent character. 

Routine insulation tests of high-tension switchgear 
at 5 000 volts may, I think, be of considerable value if, as 
seems probable, faults in the insulation, such as a crack 
in an insulator, cause a decrease in insulation resistance 
within the range of the instrument. 

[The authors’ reply to this discussion will be published 
later.] 
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Mr. Harold Midgley : It is one of the penalties for 
the growing popularity of electricity supply that^ the 
effects of interruption of supply are becoming more and 
more serious, and too much stress cannot be laid on the 
necessity for taking every precaution against interrup¬ 
tion, particularly of lengthy duration. Whilst interrup¬ 
tion to ordinary power and lighting supplies is serious 
enough, a prolonged failure to a domestic consumer who 
may, for example, be relying on electric heating during 
illness, is likely to militate considerably against further 
use of electricity, A paper such as this is therefore very 
opportune, but I should like .to see more detailed sugges¬ 
tions for speedy restoration of supply, a subject which is 
of course intimately connected with safeguards against 
interruptions. 

Whilst I appreciate that the best possible medium 
must be used for closing switches, I assume that the use 
of electricity for this purpose has not been abandoned in 
favour of compressed air or oil without very detailed 

* Journal I.E.E., 1914, vol. 52, p. 51. 


investigation, as such a decision reflects seriously upon 
the possibility of adopting electricity for many purposes 
for which it would appear to be highly satisfactory. 

Any failure of supply to consumers may with advantage 
be investigated on the following lines: ( a ) How soon after 
the receipt of the information was the failure attended to ? 
(&) What steps were taken to restore supplies ? (c) What 

steps might be taken to avoid the recurrence of the 
failure? It has been found that an investigation on 
these lines, conducted not with the view of criticizing 
the steps taken but solely for the purpose of improving 
procedure in the case of future failures of supply, is 
extremely valuable. 

Mr. T. W» Mackay: In view of the fact that all 
insulating materials are subject to deterioration, it 
becomes abundantly necessary to devise an efficient test 
which can be easily applied to installed equipment, and 
to make periodic tests to note the behaviour of particular 
insulation. For this purpose. I suggest the use of a 
modification of the cymometer as devised by Fleming. 
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This instrument is, in effect, an apparatus for measuring 
the frequency of electrical oscillations, and in modified 
form it has been used for classifying different grades 
of dielectrics. 

In any elementary form of electrical circuit where the 
physical dimensions are constant the only variable will be 
the dielectric medium, and a change in this will in turn 
produce a definite change in the capacitance of the 
equipment under test. If the impressed frequency is 
gradually increased in the test circuit until the natural 
periodic condition has been obtained, which may be 
noted by the input to the circuit and by measuring the 
frequency', a figure of merit can easily be derived for the 
circuit and its associated insulation. This figure serves 
as a datum, and any departure from it in subsequent tests 
will give full warning that a change has taken place in 
the insulation. 

I often doubt whether switchgear manufacturers as a • 
whole are on the correct path of development with respect 
to the problem of rupturing a charged electrical circuit. 
In principle the modern switch differs in no way from 
those of earlier design; its object is to push or pull one 
piece of conductor away from or into contact with 
another, an operation which causes a chain of electro¬ 
mechanical happenings to follow in its wake. The radia¬ 
tion generated by the displacement of a number of 
unbalanced atoms in an electric arc may be the primary 
cause of disrupture failures of switchgear, since ioniza¬ 
tion is, if unrestricted, a condition of organic growth. I 
think it was Lodge who stated that a mass of 0 • 1 mg. 
moving with the velocity of light has approximately the 
same energy as a weight of 600 tons after dropping to the 
earth’s surface from a height of 1 mile, and I submit that 
in an arc zone every condition is present for the liberation 
of energy of like proportions, sufficient to disrupt any 
switchgear tank, irrespective of its physical size or 
strength. In modern switchgear the arc is an accepted 
fact, and various ingenious attachments have been pro¬ 
duced to utilize the resulting static pressure to displace 
the original arc and thus destroy its cumulative action 
and consequent effects. I think that a definite limit to 
present switchgear practice will soon be established, and 
the switchgear of the future will be designed in full 
recognition of the electronic principles involved. One 
has only to witness the ease and efficiency with which the 
grid bias functions on a rectifier under loaded conditions 
to appreciate that there is room for improvement in our 
present method of procedure. 

I am associated with the development of the com¬ 
pensated reactor, which is designed to introduce, as 
quickly as the time-constant will allow, a reactive e.m.f. 
into the faulty or overloaded circuit. I have on record 
the evidence of a test where 250 000 kVA was available, 
and w r hen this was short-circuited behind a compensated 
reactor the incident passed totally unobserved by the 
station staff. 

The authors refer to the protection afforded to system 
apparatus by the introduction of a short length of under¬ 
ground cable, particularly where overhead mains are 
brought into substations. The actual amount of protec¬ 
tion thus afforded is a matter of some doubt, since, by 
increment reflection from the points of surge-impedance 
change, the voltage builds up to its incident amplitude in 
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15 to 20 microsec., depending on the physical length of 
the underground main. I will admit that the cable 
produces a change in the steepness of the transient 
wave-front; but from a voltage point of view, and bear¬ 
ing in mind the very short time-intervals involved in the 
reflection periods, it is best to regard the arrangement 
as offering no protection, and my own experience and 
observation of terminal faults supports this point of view. 
To those who wish to go more deeply into this subject I 
would recommend Brewley’s textbook. 

Fig. C shows a new type of high-voltage fuse incor¬ 
porating an arc-control device. The fuse in question is 
of the liquid carbon-tetrachloride, glass-tube type and 
the arc is quenched by a directed stream of the liquid. 
The fuse element A is fixed to the electrode B, which 
protrudes just clear of the steatite nozzle C. The spring, 
shown extended, is permanently fixed to the baseplate H, 



but at a point approximately halfway along the spring 
are attached the connecting arms G, which are attached 
to the steatite nozzle. The insulated nozzle is stream¬ 
lined and so designed that, when the spring collapses, 
the fluid below the anode level is squirted through the 
throat of this nozzle into the space above. The action 
may be followed if it is realized that the point halfway 
along the spring will move with half the speed of the 
electrode when the fuse ruptures and the spring collapses. 
In consequence of the relative movement, the sparking 
tip or arcing electrode is rapidly drawn into, and through, 
the orifice of the nozzle, where it meets a stream of 
dielectric fluid which effectively chokes the arc and 
suppresses ionization. 

Mr. R. W. Biles: Developments in switchgear 
technique are flow strongly in the direction of high-speed 
action, and it is obvious that switchgear makers are 
accumulating so much knowledge of the performance of 
switches under short-circuit conditions that the addi¬ 
tional burden due to high-speed action can be safely 
dealt with. Some years ago the tendency was to delay 
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the opening of the breaker as much as possible, in order 
to minimize the duty upon it. The development of high¬ 
speed tripping is very desirable on large modern systems 
with high interconnected short-circuit powers, involving 
the necessity for removing a fault in the minimum pos¬ 
sible time so as to maintain the stability of the supply 
system. 

On page 452 the authors state that site testing must 
necessarily rank as secondary to testing during the stages 
of manufacture. I hardly think that the latter can 
replace the site tests, for it is all-important to the supply 
engineer to know that insulation which has been in 
service for some time is maintaining its characteristics. 

I prefer the power-factor test: the principal object of 
such a test is not the detection of slight deterioration in 
individual insulators (although in some instances this is 
possible) but to make sure that there is no immediate 
danger of serious breakdown. Relatively high readings 
are obtainable on a milliammeter in series with a volt¬ 
age-testing equipment when breakdown conditions are 
prevalent. Thus I know of one recent instance where a 
serious busbar fault was avoided when a routine voltage 
test had given a high milliammeter reading. Many 
manufacturers do not object to the application of 3 times 
phase voltage to earth. 

The authors refer to testing equipment of 30-kV 
maximum test voltage. It is possible to obtain equip¬ 
ment, made up in two readily-transportable parts, which 
will give a maximum of 50 kV with satisfactory results, 
and deal with reasonable a.c. loadings. 

On page 455, pilot systems are included in the category 
of high-speed protective gear. The success of this type 
of system depends upon the continuous or frequent 
checking of the condition of the insulation. Pilots can be 
a considerable source of trouble, and when they have 
broken down it is sometimes a lengthy, difficult, and 
costly process to locate the fault. 

Inter-tripping schemes combined with a supervisory 
system of control have the benefit of constant indication 
as to pilot condition, and, provided the wires are laid 
totally underground, there is a minimum risk of indis¬ 
criminate tripping. 

Carrier-current systems appear to have the advantage 
that pilots are not required and maintenance is confined 
to the terminal apparatus. I am disappointed to find no 
reference to these systems in the paper. 

Fig. 9 indicates a margin of only 1|- cycles between 
stability and tripping; this feature might lead to trouble 
on ill-designed gear. With present-day equipments the 
margins of time are none too great, and considerable 
improvements in design and manufacture will have to 
be realized to enable such small margins to be maintained. 

From the authors’ remarks on page 460 the general 
impression might be gained that all switchgear should be 
fitted with busbar protective gear. Some indication 
should be given as to the limit of power allowable behind 
the fault for which it is desirable to provide instantaneous 
clearance. 

On page 466 the authors refer to auto-reclosing schemes 
for voltages above 100 kV; I think it remains to be 
established whether interconnected plant will fall widely 
• out of step during fault disturbances when such schemes 
are employed. A safety device such as a synchronizing 


relay might be added to the equipment to prevent the 
reclosing of a switch unless synchronism is restored. 
Auto-reclosing schemes were in course of development 
10 or more years ago in connection with group feeder 
schemes, and it is surprising that more use has not been 
made of this type of equipment, where one large circuit- 
breaker deals with the fault-clearing duty and is not 
reclosed until a smaller circuit-breaker or isolator has 
been opened, automatically removing the faulty section. 
With the quick-acting gear that is now obtainable it 
would appear that the interruption to a group of feeders 
could be reduced to a flick of the lights, and running 
machinery would not be seriously affected. 

In the past it has been said that circuit-breaker design 
had not kept pace with turbo-alternator design. In view 
of the rapid strides that have recently been made in 
switchgear development that comparison is likely to be 
reversed in the near future. 

In Fig. 2 the authors show the economy in cable size 
obtainable by utilizing quick-acting circuit-breakers. 
Any benefit which can be obtained in this way seems to 
depend upon the elimination of the overload relay; for as 
long as we have to depend upon it, even as a back-up, it 
is questionable whether any benefit can be gained. 

Mr. R. C. Golding: With regard to the suggested 
types of busbar-zone protection, I notice that the authors 
suggest the initiation of the tripping sequence by means 
of current transformers. The current can only attain 
the required value after the potential has persisted on 
the switch frame for some time, as when the trouble 
commences as a high-resistance fault. Have the possi¬ 
bilities of obtaining quicker discrimination by means of 
voltage transformers instead of current transformers 
been investigated ? If this idea has been rejected in this 
country owing to the necessity of insulating the switch- 
gear from human contact, has this latter problem yet 
received consideration in any other country ? 

We have heard of developments in circuit-breaker 
operation which show that we must revise our precon¬ 
ceived ideas of the speed of “ instantaneous operation.” 
In timing these operations the authors speak of operation 
“ within so many cycles.” A better method of showing 
the conditions which the breaker must be capable of 
meeting would be by means of the curve of r.m.s. values 
of current flowing in the fault circuit. Here we have a 
curve of the usual steep-wave-front type, rising almost 
instantaneously to a maximum of 15 to 20 times the 
normal value, when armature reaction begins to take 
effect, and finally settling down to a value determined by 
the reaction of the fault circuit. Whereabouts on this 
curve can the breaker be made to interrupt the current ? 
It is obvious that if the break can occur before the peak 
is reached, a much smaller breaker can be used. 

Mr. E. Scriven: In Section (2)(B) the authors 
deprecate the use of over-voltage tests for routine testing 
because they are likely to strain any weak portion of the 
insulation. Nevertheless, it is probably best to test by 
this method on existing switchgear, as no other method 
can be applied to, say, the busbars of ironclad gear; and 
it is better to break down weak insulation artificially than 
allow the breakdown to occur under load conditions, and 
probably cause a serious fault and fire, with consequent 
shutdown. 
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With reference to quality tests, it is generally agreed 
that a Megger insulation test is in most cases practically 
useless, but it gives some degree of assurance of safety 
when time is essential and no method is available. 

With reference to power-factor testing, this method is 
an ideal one, but is somewhat difficult to apply, especially 
to ironclad gear. Some measure of success may be 
obtained when testing spout insulators of the condenser 
type, but the method is of little use on ironclad gear when 
porcelain is used. The test is of great value for any 
insulator which can be isolated, e.g. open-type switch 
bushings, etc., and should be carried out at stated 
intervals or preferably with a varying voltage, up to 
about the working value, and the results compared with 
those of previous tests on the same insulator. 

It is generally agreed that site testing can never take 
the place of works tests, but as it is impossible to test all 
equipment in the works, some form of test must be 
carried out on site, either just after erection or as a routine 
test. It is obviously impossible to test joints, which have 
to be made on site, in the works. I think an over-voltage 
test immediately after erection, before the equipment is 
put into service, is a necessity, and a power-factor test 
would be difficult with the present trend of design and 
the absence of any portable form of power-factor-testing 
equipment. 

Mr. K. G. Glover: It is interesting to notice how 
closely interconnected nowadays are switchgear and pro¬ 
tective gear; in this connection it would be interesting to 
know whether high-speed protective gear or high-speed 
switchgear was developed first. 

With regard to discrimination curves such as those in 
Fig. 8, I would suggest that the curves should take the 
form of " bands ” of definite width, rather than lines of 
infinitesimal width. The upper and lower limits of the 
" band " are determined by the consistency of the relay 
times when tested and retested many times under 
identical electrical conditions. When the curves are 
drawn in this way, the discrimination margin shown on 
the graph between relays at successive stations for a fault 
at any place is the actual margin under operating con¬ 
ditions. The desirability of relay characteristics being 
drawn as “ bands ” applies equally to other forms of 
protection involving time discrimination. 

The authors state that site tests are secondary to works 
tests; while this is so in regard to switchgear, I suggest 
that it is essential to make provision for the checking of 
protective-gear characteristics on site. Those responsible 
for the maintenance of protective gear should be provided 
with adequate testing equipment. 

I agree with the authors’ contention that high speed 
of clearance of phase faults is very desirable. Unfortu¬ 
nately, however, it seems to be the most common practice 
at present to limit instantaneous zone protection to earth 
faults, leaving phase faults to be cleared by overcurrent 
inverse-time relays, which may take several seconds to 
operate. The authors appear to resign themselves to this 
in the case of on-load tap-change transformers and of 
busbars in less important stations. There would seem to 
be a field here for high-speed overcurrent relays. 

With regard to busbar protection,'it should be remem¬ 
bered that if stations are arranged on the “mesh” 
principle, as are all the grid substations in the South- 


West England and South Wales Area, all the conductors 
are included in existing protective zones without the 
need of separate busbar protection. 

Mr. G. E. Parr : If on fault a large percentage out-of¬ 
balance full-load phase current is allowed to flow in the 
cables of the e.h.t. distribution network before outage 
takes place by means of the high-speed feeder protective 
system, how then is the whole phase winding of the 
alternator to be fully protected, seeing that the syn¬ 
chronous impedance remains constant and the earthing 
resistance from the star point remains unaltered ? Do 
the authors consider that this is a case where to save the 
network one has to run the risk of damaging the alter¬ 
nator; and, if they have a remedy for this, what are the 
conditions under which the most efficient performance 
obtains ? 

How is the constant 1 • 8 obtained in the equation:— 
Peak amperes = Symmetrical r.m.s. amperes 

X V 2 X 1 ' 8 ? Is the load factor as well as the form 
factor taken into consideration here ? For example, 
with a load factor of 30 % and a form factor of 1 • 45* 

-I r.m.s. ~ I' 45/ av. 

= 1-45 X I p e aj : X Load factor 

Giving 

1 100 

IpeaJc — ■‘■r.m.s. X 4.45 X 30 

= 2 • Qlr.m.s. 

which is equivalent to writing 

I peak ~ ^ r.m.s. X -\/2 X 1 • 627 

Do the authors consider that possibilities exist for the 
improvement of the grid-controlled mercury-arc rectifier 
to such an extent that its advantage would be more pro¬ 
nounced than that of the high-speed system now under 
discussion ? I have in mind the " mutator,” whose relay 
can set itself so quickly that it will allow the load to con¬ 
tinue if the short-circuit is only momentary, and if the 
short-circuit persists the relay can be made to keep a 
negative charge on the grids, causing isolation of the 
faulty section. 

When dealing with transient-fault and excess-voltage 
protection one is led to consider the dielectric phenomena 
in high-voltage transmission. Would the authors kindly 
state whether more recent formulae than those evolved 
by F. W. Peek are now employed for the determination 
of the disruptive critical voltage and for finding the 
minimum spacing between overhead conductors ? 

Mr. G. W. Maxfield: I should like to deal with the 
aspect of the subject referred to on page 461 as " normal- 
. voltage hazards.” 

First let me direct attention to the values of current 
possible in the hypothetical instance of two stations, A 
and B, running in parallel at extreme ends of 100 miles 
of grid line. Assuming that both stations are floating 
(i.e. no flow of active current in either direction) the 
charging kVA (approximately 8 000) may either be shared 
or be taken up entirely by one station. If it is equally 
shared we get the peculiar condition of the charging 
currents at the two feeding-points (approximately 20 
amp. each) flowing in opposite directions' in the same 

* From Kelvin values in Cable Research Handbook. 
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line at the same time, there being zero current at 50 miles 
distance (middle of the line). 

Next take into account the effect of the charging 
kVA upon the alternator regulation characteristic, 
the automatic voltage-regulator performance, and the 
supply wave-form. The last-named is particularly under 
scrutiny and depends on the amount of line charged, the 
kVA rating of the alternator, the load carried by the 
generator, the power factor of the local load, and the 
design characteristics of the alternator, usually deter¬ 
minable by the date of its manufacture. From a wide 
variety of combinations of line, load, and alternator it is 
found that the maximum distortion of wave-form takes 
place with the highest ratio (Leading kVA/Generator 
rating)'; that is to say, the longer the line carried, or the 
less the generator, the greater will be the distortion for a 
given orthodox design, undertaking power-factor, and 


in circuit (probably less than 20 % in terms of the 
alternator rating). The harmonics themselves thus pre¬ 
dominate so long as the arcing continues, and any device 
calibrated on a frequency of 50 cycles per sec. is very 
liable to failure. 

The exciter and automatic voltage regulator, too, are 
intimately involved during fault conditions, and in some 
cases an insulator flashover on a short line has recovered 
as a result of the clearing of a much longer line which 
was sound. This had the combined effect of (a) removing 
the peak value due to harmonics, ( b ) removing the 
“ auxiliary" excitation due to the leading kVA of the 
long line. The sudden drop of voltage which followed 
enabled the faulty insulator to recover without it being 
necessary to disconnect it from the system. 

As this phenomenon is to a large extent controllable 
so far as the charging points of the line can be located. 


(a) 

(b) 



Fig. D 


load. This effect is at a maximum at the charging end, 
and it follows that for any nominal voltage the instan¬ 
taneous stresses on insulators cannot be the same 
throughout the length of the line. 

This condition, which is most liable to occur, coinciding 
in time (of light load) with the worst atmospheric con¬ 
ditions of early-morning fog and frost, has on occasion 
been rather deceiving when it has been necessary to make 
a diagnosis after a line trip-out. When the insulators 
flash over and the power arc becomes established, the 
harmonics causing the distortion are sustained because 
the reactance to the higher frequencies is sustained, 
although the amplitude of the fundamental wave has 
collapsed in accordance with the impedance remaining 


all the new knowledge now being acquired on high- 
frequency apparatus might be put to account, using the 
harmonics to initiate the operation of relays. Referring 
again to the instance of two stations A and B (Fig. D ) feed¬ 
ing in at the extreme ends of 100 miles of line, suppose 
that a third station (€) is ran up to take its share of the 
charging kVA at the centre point. Conditions would 
then be as shown at (a) instead of (b), and there would be 
two nodal points instead of one, giving a quite different 
location of maximum stresses under both normal and 
fault conditions. 

[The authors' reply to this discussion will be published 
later.] 


TEES-SIDE SUB-CENTRE, AT MIDDLESBROUGH, 1ST DECEMBER, 1937 


Mr. H. V. Field : One of the drawbacks of the Petersen- 
coil method of arc-suppresion is the need for readjust¬ 
ment of the choke coil when additions to the system are 
made. Does the alternative voltage-injection method 
suffer from a similar drawback ? It would appear that 
adjustments to the injection transformer and earthing 
resistance become necessary under such conditions. Since 
the voltage to earth on both white and blue phases has the 
same magnitude when ‘the red phase is earthed, what 
method is adopted to ensure that the unbalance-voltage 
relays act so as to select that voltage which has the 
correct phase ? 

Fig. 17, showing the arrangement of a circuit-breaker 


with rotary moving contacts, is interesting, as in the 
Newcastle discussion upon a paper dealing • with the 
development of single-break circuit-breakers the rotary 
type was suggested by Mr. W. H. Clothier* as a type which 
would give the advantages of a double break together 
with symmetrical capacitance distribution, thus ensuring 
equality of voltage across each break. It is interesting 
to note that this type has also been found very suitable 
for high-speed operation. 

[The authors’ reply to this discussion will be published 
later.] 

* Journal 1036, vol. 73, p. 162.' 
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NORTH-EASTERN CENTRE, AT NEWCASTLE, 10TH JANUARY, 1938 


Mr. G. W. B. Mitchell : I agree with the authors that 
all apparatus installed in a system should be of adequate 
rating and performance to withstand the most severe 
conditions likely to be met with in practice, and that this 
adequacy should be proved by actual tests carried out 
under conditions of severity not less stringent than those 
which can occur in service. In view of this I should like 
to kn ow whether the figures in Table 1 are intended to 
apply to the present or to the probable future, since I note 
that for a service voltage of 132 lcV the maximum permis¬ 
sible short-circuit value suggested is 3 500 MVA. I 
believe that this figure, however, should read 2 500 MVA.* 
Assuming the latter is correct, do the authors consider 
that high-speed circuit-breakers of this rating can satis¬ 
factorily be produced and tested at the present time ? 

In connection with the effect of short-circuit current 
on cables, the theoretical relation between size and short- 
circuit current given by Fig. 2 may, I think, be mislead¬ 
ing in practice, and I agree with the authors that, before 
any definite conclusions are reached, further tests should 
be carried out by the cable manufacturers in order to 
determine safe limits of operation. Assuming, for the 
moment, that the position may be serious in certain cases, 
we have to consider how the speed of operation of the 
protective equipment affects the issue. The authors 
suggest that high-speed protection will help matters 
considerably, but I rather doubt whether this is actually 
the case since, although it is becoming general practice 
to provide high-speed protection as a first line of defence, 
in the event of this failing, clearance of a fault is generally 
obtained only by operation of back-up overload relays, 
which, on large interconnected systems, usually have to 
be given a time-delay of the order of 2 sec. This means 
that the provision of primary protection of the high¬ 
speed type does not, in practice, ease matters appre¬ 
ciably, so far as the fault-current rating of cables is 
concerned. From other points of view, of course, high¬ 
speed primary protection confers many benefits, and the 
authors' contention that high-speed clearance of faults 
very considerably reduces system shock and damage at 
the fault has been amply confirmed by experience, par¬ 
ticularly with large underground networks in this 
country which have been equipped for some years with 
high-speed pilot protection. 

I was interested in the authors’ film demonstrating 
the time it takes to start a fire in various types of 
apparatus when a fault is sustained. These data are, I 
think, important, since, when considering. protective 
systems and especially busbar protective systems, it is 
very desirable to know the maximum time of opera¬ 
tion of the gear which can safely be allowed. In 
certain types of protection it is still essential deliberately 
to time-delay the gear for one reason or another, and, 
although the experiments carried out by the authors are 
not sufficiently comprehensive to enable a schedule of 
maximum permissible times to be prepared, they never¬ 
theless serve to give a useful indication of the probable 
order of magnitude of these times. 

I think the wording of Item- (E) on page 454 is rather 
misleading. The authors state here that supply systems 
* Since corrected for the Journal. 


including cables are not subject to excess voltages caused 
by lightning: I think that what they mean to say is that 
supply systems which do not contain overhead lines are 
not subject to such excess voltages. 

I am glad to see that the authors define the terms which 
they use to describe the speed of operation of various 
types of protective gear, as confusion in this matter is 
likely to arise from the use of careless or misleading- 
terminology. When reading foreign journals, particu¬ 
larly, one’s attention is frequently attracted by some 
reference to high-speed protection, but it is often found 
on reading the article that there is nothing uncommonly 
fast about the operation of the gear described, and it 
may, in fact, be slower in operation than some of the 
normal gear to which one has become accustomed in this 
countrv during the last 8—9 years. I would suggest that 
the word “ instantaneous ” should not be used in the 
sense in which it is used by the authors, namely to denote 
the type of gear to which no time-delay has been deli¬ 
berately given. The word “ instantaneous implies 
that the gear takes no time at all to operate. I suggest 
that all types of protection might be classed under two 
broad headings, namely “ delayed ” and “ non-delayed. 

I notice that all the times of operation of high-speed 
protective gear given in this paper are based on 10 times 
the minim um operating current. Although this basis is 
not actually misleading, I think that at least one other 
point on the operating curve is desirable, since the time 
of operation of most forms of protection increases with 
decreasing fault current, and it is desirable to know the 
time of operation with low fault-currents, which, on big 
systems, may still be of serious magnitude. In this 
connection it may be remarked that it is becoming 
common practice to state the time of operation of a 
circuit-breaker as its worst time on test, and not its best 
time; and since, for example, when dealing with distance- 
type protection, it is desirable to test the protective 
current-transformers for ratio up to the full fault-current 
rating of the circuit-breakers with which they are asso¬ 
ciated, I would suggest that the time of operation of the 
protective equipment should be stated at a current equal 
to 10 % of the breaker rating as well as at the figure of 
10 times the minimum operating current suggested by 
the authors. 

High-speed carrier protection will, I think, be the 
protection of the future on important overhead lines 
where the cost of pilots is still too great to be contem¬ 
plated. The carrier system has many inherent advan¬ 
tages over protection of the distance type, one of the 
principal advantages being that carrier protection can 
be made to operate without complete reliance being 
placed on accurate quantitative measurements. High¬ 
speed distance protection involves many difficult con¬ 
siderations in this respect. Furthermore, carrier pro¬ 
tection, owing to the fact that it works essentially on the 
“ unit ’' principle, is not affected by the length of adjacent 
line sections, whereas protection of the distance type is. 

There is a brief reference in the paper to the protection 
of generators, transformers, and reactors. Overall 
balance protection is, of course, extensively used, even 
on transformers fitted with tap-changing gear, but I 
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feel that separate overload and restricted earth-leakage 
protection of the high- and low-voltage windings of 
transformers is to be preferred in all cases. Usually the 
best setting obtainable in practice with overall balanced 
protection is of the order of 50 % of full-load current. 
This can scarcely be considered adequate in the general 
case where the neutral point is earthed through a resis¬ 
tance designed to limit the earth-fault current to approxi¬ 
mately full load. With restricted earth-leakage pro¬ 
tection, a setting of about 20 % of full load can quite 
easily be obtained whilst ample stability is maintained 
on all through faults. 

To my mind, the only advantage of overall balanced 
protection is that it gives rather quicker protection on 
phase faults; but phase faults unaccompanied by earth 
faults are usually uncommon. 

I should like to suggest that we ought not to rush into 
a wholesale application of busbar protection right away. 
Quite a number of different schemes are in process of 
being applied at important stations in this country and 
I suggest that we should wait for 18 months or 2 years 
to see how these behave. The authors mention the 
question of " overlap ” between feeder protection and 
busbar protection. This is an important point and it 
means that, if busbar protection is generally adopted, all 
switchgear manufacturers will have to consider the possi¬ 
bility of making provision for the installation of feeder- 
protective current-transformers on the busbar side of the 
circuit-breaker in metalclad gear. At the moment this 
can fairly easily be done in certain types of metalclad 
gear, but it is much more difficult to do in others. In 
outdoor switchgear there is, of course, no difficulty. 

The authors suggest that frame-leakage busbar pro¬ 
tection, although not applicable to existing switchgear, 
is particularly suitable for new gear. I cannot agree 
with this statement since, when one comes to look 
into the matter closely, the application of frame-leakage 
protection, even to new switchgear, is found to be much 
more difficult than one would at first imagine. I would, 
in any case, suggest that this type of protection should 
not be considered, by itself, for use in important in¬ 
stallations. Some such system as Dualock is much more 
satisfactory from every point of view. Frame-leakage 
protection can, however, be satisfactorily employed in 
certain cases as a “ check " feature. 

I cannot quite see the advantage of the voltage- 
injection device illustrated in Fig. 15. It appears to me 
that this scheme would be considerably more costly 
than Petersen-coil earthing, which experience shows 
gives satisfactory results. In addition, the voltage- 
injection scheme involves the provision of apparatus 
containing moving parts, whereas the Petersen coil is a 
static piece of apparatus and therefore to be preferred. 
The only advantage which the voltage-injection system 
would appear to have over the Petersen coil is that, with 
the former, complete control of the recovery voltage is 
obtained. This advantage is theoretical rather than 
practical since, in point of fact, with Petersen-coil 
earthing the full displacement voltage is not reached 
until several cycles after the occurrence of the fault; and 
when the arc has been suppressed the faulty phase does 
not assume normal voltage to earth until after a lapse 
of several cycles. Judging by experience, this inherent 


time-delay in the Petersen-coil circuit is sufficient, and 
I do not think that further control of the recovery 
voltage is necessary. It may, in fact, be argued that 
the longer the faulty phase is held at earth potential the 
more chance there is of faults developing on the sound 
phases, owing to the “ cock-up ” voltage which is present 
under this condition. This flashing-over of healthy 
phases is one of the known disadvantages which accom¬ 
pany the use even of Petersen coils with their compara¬ 
tively short time-lag action. 

The authors suggest that when Petersen-coil earthing 
is employed normal protective gear should also be applied 
to the system, and if the arc-suppression device fails to 
clear the fault it should be short-circuited after a small 
time-delay, leaving the fault to be cleared by the normal 
protective gear. I myself agree with this method, 
although it is not the usual practice abroad. At first 
sight it may appear extravagant to provide for normal 
earthing and protection in addition to Petersen coils, 
but actually it is in general not extravagant since, in the 
first place, if continuously-rated Petersen coils and no 
ordinary protective gear apart from phase-fault protec¬ 
tion are provided, sensitive directional earth-fault indi¬ 
cators are required on the system in order to provide a 
means of locating the fault; and, in addition, the cost 
of a continuously-rated coil is appreciably more than that 
of the short-time-rated type of coil which can be 
employed if the authors’ suggestions are followed. 
Secondly, the scheme used abroad is more likely to give 
rise to double earth-faults owing to the fact that, if a 
fault on one phase is not cleared by the coil, the “ coclc- 
up ” voltage on the system may be maintained 
indefinitely. 

The authors’ conclusions in regard to the best methods 
of economically obtaining both transient-fault suppres¬ 
sion on overhead lines and lightning protection of station 
apparatus appear to be sound and logical, and if a 
totally-enclosed high-speed arc-gap can be put on the 
market at a reasonable price it should form a valuable 
addition to the group of protective devices which are at 
present available. Before the authors’ recommenda¬ 
tions can be fully adopted, however, more research must 
be carried out in connection with auto-reclosing of 
circuit-breakers. I hope that it will not be long before 
the manufacturers in this country are able to produce 
satisfactory auto-reclosing apparatus. 

In conclusion, I notice that the authors emphasize 
the fact that proper attention should be given to im¬ 
portant details, such as the protection of a system, in the 
planning stage. All too frequently systems are planned 
on far too broad lines in the first instance, and an 
attempt is made to add important auxiliary equipment 
at a late stage of development. Good results with this 
procedure can only be achieved by good luck. Whilst 
this truth may not have been so apparent in the past, 
when comparatively simple schemes were being dealt with, 
the advent of greater system complexity and the addition 
of such items as high-speed protection demand that this 
aspect of system design should not be treated casually. 

Mr. W. N. Waggott: The various examples of switch- 
gear layout given in the paper refer solely to metalclad 
switchgear, and the failure to give due credit to open- 
type switchgear detracts somewhat from the value of the 
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paper. In my opinion open-type switchgear, properly 
designed, applied, and maintained, ably fulfils in the 
sphere of high-voltage engineering the requirements 
emphasized by the authors as the first essential to reli¬ 
ability of supply. In some respects open-type switch- 
gear offers advantages over- switchgear of the metalclad 
type. The fire risk is less, and busbar insulation failures 
are less likely than with metalclad switchgear. For 
the higher voltages, open-type switchgear appears to be 
more dependable than metalclad switchgear, and a stage 
in voltage is reached when open-type switchgear alone 
is suitable. However much one may wish it were 
otherwise, it must be admitted that, using to the full the 
insulating materials known to-day, there is a definite 
limit of working voltage up to which metalclad switch- 
gear is ideal and above which open-type switchgear of 
indoor or outdoor pattern holds the field. This limit of 
working voltage for metalclad switchgear may be found 
as the result of experience to be lower than is generally 
admitted to-day. 

Fig. 2 presents a depressing view of cable-reliability 
prospects, as it suggests that no cable of reasonable 
section is serviceable. Experience has shown otherwise, 
as cable failures resulting from the passage of short- 
circuit currents have hitherto not been recorded, so far 
as I am aware. 

•I support the authors’ statement that repeated appli¬ 
cation of over-voltage testing may weaken both sound 
and weak portions of insulation. In my view there is a 
tendency to-day to apply too many over-voltage tests to 
apparatus. 

Dealing with protective systems for generators, trans¬ 
formers, and reactors, the authors record that there has 
been little fundamental change in recent years. Refer¬ 
ence might have been made here to the use of gas- 
actuated relays, which are now frequently fitted to 
transformers and reactors. 

I doubt whether any elaborate form of busbar-zone 
protection can be justified. If some indication of the 
condition of busbar insulation is considered essential, I 
suggest that for metalclad switchgear a leakage-to-frame 
testing and alarm installation will meet the require¬ 
ments. For open-type switchgear, busbar-zone protec¬ 
tion should not be necessary, as in the event of a fault 
occurring on such switchgear consequential damage of 
the fire-risk category is very unlikely. Leakage-to-earth 
testing and alarm equipment might be found of service 
on the circuit-breakers in open-type switchgear. In 
Fig. 10 an example is shown of frame-leakage protection 
in which the floor-reinforcing metal is to be cut away 
in the immediate vicinity of the grouting holes. It is 
bad practice to destroy floor reinforcement in such a 
manner, and I recommend for such installations that the 
reinforcement be so shaped as to clear the grouting holes, 
or that the bolts be insulated in some suitable manner. , 

The examples of high-speed circuit-breaker design 
described in the paper are ingenious, and I cannot see 
any weakness in their method of operation. I consider, 
however, that some further effort should be made to 
reduce to a minimum the quantities of paper and oil 
embodied in present designs of switchgear. Paper in¬ 
sulation is always a source of weakness in switchgear,, and 
carries with it a grave possibility of electrical failure. 


The general impression obtained from the paper is that 
the authors are ultra-cautious and recommend more safe¬ 
guards than can be justified on technical and economic 
grounds. I submit that protective devices are by no 
means infallible and that over-protection, in addition to 
increasing the first cost and the maintenance charges, may 
actually result in a reduction of the reliability of supply. 

Mr. W. A. A. Burgess : Figs. 3, 4a, and 4b indicate 
rather more complete access to busbars and to indi¬ 
vidual parts and insulators than that to which we are 
accustomed, but, as will be seen from the models 
exhibited, and from the description given in the paper, 
this is accomplished simply and without increasing the 
cost of the equipment. Though this has not been found 
necessary in the past with metalclad compound-filled 
switchgear, fluid insulation offers considerable economies 
and advantages with higher voltages, and the question 
of obtaining access to the various portions of the circuit 
then becomes relatively more important than in the 
case of compound-filled switchgear. Are the authors 
prepared to give an indication of the reduction in oil 
volume the new design affords ? Reduction of oil volume 
is not of such paramount importance as some people 
think. Switch oil is a very useful cooling medium and 
an invaluable seal and preservative of fibrous insulation, 
and it does not bum readily unless it, is atomized by 
spraying or by wick action. 

I should like to know at what voltage Mr. Waggott 
thinks metalclad switchgear ceases to be economic. It 
has been successfully installed for voltages up to and 
including 132 kV, and, besides being a much safer con¬ 
struction than open-type gear, occupies far less space. 

I should like to call attention to a recent paper by 
G. E. Heidenreich* which gives full details of a form of 
busbar protection of the leakage-to-frame type, applied 
to a very large 66-kV outdoor substation in America. 
The same paper also contains a description of an in¬ 
genious and apparently efficacious method of testing 
the insulation resistance to earth. 

Regarding the question of protective gear generally, 
more attention ought to be paid to the provision of testing 
apparatus for testing relays and other equipment in siiu 
without disturbing running connections. 

Turning to Fig. 2, I believe that cable sizes smaller 
than those shown should not be deliberately adopted for 
a new installation. I am inclined to think, however, that 
enough is not known of the behaviour of buried cables 
under the high-current conditions equivalent 'to large- 
capacity short circuits, and that it could be proved by 
intensive research that the figures the authors give could 
be safely taken to, represent 3-phase cables instead of 
single-phase cables. In any case, whatever economic 
considerations may demand with regard to long feeder 
cables, it would be folly to put in smaller cables than those 
indicated for short connections such as to generators and 
transformers, however small their rated kVA might be. 

While I am prepared to support the authors’ claims in 
Fig. 2 so far as new equipment is concerned, it is still 
with a query as to why the majority of cables already 
installed and subject to short-circuit currents equivalent 
to 500 mVA at 6kV and 11 kV have not either burnt 
out or become damaged. - 

* Electrical World, 1937, vol.108, p. 1864. 
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I find on reference to the Cable Research Committee’s 
published data, from which I suspect the authors obtained 
the data for Fig. 2, that the natural impedance of the 
cables themselves imposes a restriction on the maximum 
through current of the order illustrated in Fig. E. If 
these curves are compared with those in Fig. 2, it will 
be found that the natural impedance of the cables reduces 
the maximum possible through current to values equiva¬ 
lent to those permitted by Fig. 2 for the shortest time 
in which the circuit could be cleared by instantaneous 
relays and fast-acting circuit-breakers in a distance 
varying from 1 mile for 0- 05 to 0 • 1-sq. in. cable to mile 
for 0-25-sq. in. cable. I think this is probably the chief 
reason why more cables are not broken down by through 
current, and that it should reduce any alarm caused by 
study of Fig. 2. 


It may be of some interest also to note that safe values 
for current-transformer primaries, in compound-filled 
metalclad switchgear appear to be of the order of twice 
those given in Fig. 2. 

Earth faults, which probably form the greater majority 
of cable faults, are not likely to cause inordinate heating 
of cores supplying them if they are cut off within a 
reasonable time, since they are usually restricted by 
neutral resistances to values of the order of 2 000 to 
5 000 amperes, in addition to the neutral earth-connection 
and fault resistances; but if they are not cleared reasonably 
quickly there is a possibility of the restricting resistance 
burning out and allowing much heavier currents to flow. 

It would appear to be probable that a heavy earth- 
return current will seldom flow in the sheath of the cable 
supplying it, since the natural repulsion of currents 



Fig. E.—Curves showing reduction of 

It is interesting to note that temperature variation of 
the core within the limits given by the authors, namely 
between 65° C. and 120° C., increases the natural im¬ 
pedance of the cables by about 23 %, and reduces the 
maximum through current by about 15 %. 

As the resistance component predominates in the 
effective cable impedance for 3-core cables, it is not sur¬ 
prising to find that the power factor of the circuit is 
improved materially under short-circuit conditions. For 
instance, the power factor of a 0-25-sq. in. 3-core cable 
is 26 % with a short-circuit at \ mile from the source 
of supply, and 70 % if the short-circuit is 6 miles from 
the source of supply, with a maximum capacity of 
500 mV A at 11 kV. This factor will effect a definite 
easement of the stress on the circuit-breakers controlling 
the circuits, and I should like to ask the authors whether 
they can assign a practical value to this easement. 


fault MVA by natural impedance.of feeder cables. 

flowing in different directions will tend to make it take 
a wider path, with the result that it may arrive at the 
station at which the neutral is earthed on the sheaths of 
other circuit cables. For this reason alone it would 
appear advisable to keep the earthing of cable sheaths 
separate from the main earth, to earth them before they 
enter the switch building, and to provide adequate 
earth connections. 

Mr. W. J. Brown: I desire to refer to the question 
of routine site-testing of insulators. I support the 
authors in their condemnation of over-voltage tests and 
their preference for power-factor measurements. The 
latter, properly carried out and correctly interpreted, 
are of undoubted value in revealing a tendency to 
deterioration. For making power-factor measurements 
I prefer the use of a Schering bridge rather than the 
Doble tester mentioned by the authors. 
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I wish strongly to emphasize that routine power- 
factor measurements should be made at the working 
voltage of the insulator under test. I regard as un¬ 
satisfactory a standard test voltage of 10 kV for all 
ratings, and would hesitate to draw any conclusions 
from power-factor results obtained by testing at a 
voltage lower than the working voltage. The presence 
of internal ionization in an insulator causes the power- 
factor to be increased. Manufacturers of paper insulators 
make power-factor measurements at several different 
voltages and can tell from the increase in power factor the 
critical voltage at which internal ionization commences. 
This critical voltage must be higher than working voltage 
because it is important that in operation each insulator 
should be ionization-free. One effect of deterioration 
is to reduce the ionization voltage, and it should he 
obvious that measurements made at working voltage are 
required in order to reveal when deterioration reaches a 
point likely to be detrimental. 

I realize the difficulties involved in making high- 
voltage tests on site, but, if routine site tests are re¬ 
garded as important, switchgear can be designed to 
enable dielectric-loss measurements to be made with the 
apparatus alive and so obviate the necessity for a separate 
testing transformer. It is simply a matter of bringing 
out through shielded leads the earth connection of each 
individual insulator; this will no doubt add to the cost 
of switchgear, but it will involve no technical difficulties. 

It is my experience that good insulators, free from 
ionization when made, are unlikely to deteriorate even 
over a long period of years, providing the power station 
is kept reasonably warm and dry. 

Mr. F. C. Winfield: Mr. Waggott made one or two 
points which seem worthy of emphasis. Dealing first 
with Fig. 2, I would add that in the course of investiga¬ 
tions of a large number of cable samples of all voltages 
and types which have been withdrawn from the ground, 
usually after faults have occurred, I cannot find a record 
of a single cable in which there was any charring or 
blackening of the paper insulation except in one instance 
where, owing to switch or other trouble, a short-circuit 
had been maintained for many minutes. I am therefore 
confident that the values given in Fig. 2 ought to be 
heavily qualified. The divergence from practice may be 
due to imperfect understanding of service conditions, but 
I would mention that I have frequently tried, without 
success, to find data concerning the charring limits of 
fibrous insulation under oil or other similar conditions 
as distinct from free-air conditions. I suggest that the 
absence of knowledge on this subject may have a bearing 
on the matter. 

Mr. Waggott’s second point had reference to the sug¬ 
gestions the authors make in respect to the insulation 
of switchgear in buildings. Reliance on concrete as in¬ 
sulation for fixing bolts, whilst practicable, is difficult, 
because it is hard to ensure that there will be 119 contact 
with reinforcing material. For this and other detail 
reasons I suggest that all matters of insulation of switch - 
gear and independent earthing of parts of switchgear 
should, so far as metalclad switchgear is affected, be 
dealt with by the manufacturer in his works; i.e. that 
such insulation should form part of the design of the 
gear and should not be left to be dealt with on site. 


It is desirable to point out that Doble has never sug¬ 
gested that a testing voltage of 10 kV applied to 33-kV 
of higher-voltage-insulation would immediately reveal all 
incipient faults in such insulation; but, spealdng with 
many years’ direct experience of the testing of such 
insulation at 10 kV, he claims that original incipient 
faults do not imply a danger condition. He considers 
that these will slowly produce a growing deterioration 
which will ultimately reach a danger condition, and that 
his experience makes it clear that 10 -kV testing will 
reveal such faults before they have reached the stage of 
danger. I believe that there is a great deal in his 
contention. 

The authors themselves appear to ignore their prin¬ 
ciple in suggesting 33-kV testing equipment for 132-kV 
equipments. 

They recommend auto-reclosing for 132-kV switchgear 
even where synchronizing is involved. I am in entire 
sympathy with their aims, but I do not feel that we have 
yet quite reached the stage of development where it is 
safe to make any immediate recommendations of this 
type. 

Mr. R. W. Gregory : The paper contains two special 
items on which I should like to comment: (1) The de¬ 
velopment of the high-speed circuit-breaker for a.c. 
working, and its ultimate effect on system layout. 
(2) The general tendency to reduce the amount of oil in 
a high-power circuit-breaker. 

Dealing first with item (1), the high-speed breaker has 
been in use for some 15 years on d.c. traction systems for 
feeder protection. Experience has shown that the quick 
removal of the fault from the system reduces the damage 
caused by the fault, and generally means that the line 
can be returned to service immediately. Lightning 
troubles on the Natal Railways some 15 years ago were 
cured by the use of high-speed d.c. circuit-breakers, 
because the high speed of break prevented the fault arc 
from doing any damage to the line insulation, and the 
line was therefore fit for service on reclosing. 

A continuously good service has been maintained by 
the use of reclosing high-speed feeder breakers for d.c. 
traction work. Cannot equally good and continuous 
service be obtained by using high-speed reclosing 
breakers on an a.c. system ? Assuming that high-speed 
breakers can clear a fault in 0-01 sec., and that re¬ 
closing can be carried out sufficiently quickly not to 
affect the maintenance of synchronism but sufficiently 
slowly to allow the conducting path of an arc to be 
cleared away, if one could devise an arrangement whereby 
reclosing on a fault was prevented, by some sort of 
” feeling-in ” device, then the conditions which now 
obtain on d.c. traction service would also obtain on a.c. 
distribution and transmission systems, and the very 
simplest form of protection would result. 

A device to prevent the reclosing of a circuit-breaker 
on fault is well worth the consideration of inventors, as 
it is reclosing on fault conditions that stresses the breaker 
unduly, and often settles its rating. 

Turning to item (2), oil is rightly considered to be a 
potential fire risk, and it is argued that oil should be 
eliminated, or at least reduced in quantity. The oil-less 
circuit-breaker is practical politics, but it obviously intro¬ 
duces problems of its own. 
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Oil is not only a good insulator but a superior arc- 
extinguisher, and although it appears logical that re¬ 
duction in the quantity of oil results in a reduction of 
fire risk, it does not follow that this is the case. The oil 
fire-risk is a function of the time and energy required to 
raise the oil to " flash point ” when a switch is opening 
on fault, and to “ burning point ” when a fault occurs 
through or in the oil itself. The more oil there is the 
longer it takes for the same fault current to raise it to 
“ burning point,” and the more chance there is of the 
fault being cleared automatically or discovered and 
cleared by hand. 

Cold switch oil is an excellent fire extinguisher, and a 
large volume of cold oil is, I suggest, much less of a fire 
risk than is a small volume of cold oil. It follows from 
this that in oil circuit-breaker design there is logically no 
need to give special attention to reducing the amount 
of oil if this is done purely to minimize the fire risk. 

Mr. J. R. Kennedy: While laying the emphasis on 
high-speed operation, the authors still state that they 
rely on arc energy for arc extinction in their high-speed 
circuit-breakers. I should like to know whether it 
would not be preferable for the arc extinction to be con¬ 
trolled by external means, as is the practice on the 
Continent; especially in view of the fact that air and 
oil under pressure are stated to be available at the 
circuit-breaker for normal operation. 

■ Mr. P. J. Ryle : In the development of the large high¬ 
speed auto-reclosing circuit-breaker, I imagine that many 
of our difficulties will be mechanical rather than elec¬ 
trical. The sequence of rapid opening followed by rapid 

NORTHERN IRELAND SUB-CENTRE, 

Mr. R. S. Irwin: With regard to the question of the 
fire risk arising from sustained fault currents, I had 
experience of a fault which burnt out the oil in a cable 
sealing-bell but did not interrupt the supply. The switch 
protection was inoperative in this instance owing to a 
flaw in the construction of the trip mechanism. This 
experience emphasizes the importance of having thorough 
tests of switchgear carried out on site. 

I should like to mention the protection afforded by 
tetrachloride fuses. This form of protection, where 
suitable, is, I think, very reliable, and I should like to 
have the authors’ opinion of it. 

Mr. F. Johnston: In connection with fire protection, 
have any experiments been made in the use of thermo¬ 
stats for operating overload relays, as a precaution against 
high temperature-rises in switchgear? A short-circuit 
will not necessarily cause sufficient current to pass to 
operate the relay, with the result that it is possible for 
an arc to form of sufficient duration to cause a fire before 
the current is cut off. On the other hand, a series of 
suitably-placed thermostats could be designed to act 
before a dangerous temperature was reached. At 
present, thermostats are used to operate fire-extinguish¬ 
ing apparatus; I should like to see them used, if possible, 
to prevent fires occurring. 

Mr. E. N. Cunliffe: Among the " general safeguards ” 
against interruptions of supply scheduled and outlined by 
the authors, I feel that one of the most important is that 
of establishing a suitable and efficient layout for the high- 


closing will require high but controlled acceleration and 
retardation of moving parts in one direction, quickly 
followed by high but controlled acceleration and retarda¬ 
tion in the other direction. 

I should like to know whether the authors have ever 
considered the possibility of developing the rotary 
breaker shown in Fig. 17 in the following manner. If 
the turbulator pots and the moving contacts were made 
double ended, opening and reclosing could be effected 
by a single rotary motion involving acceleration and 
retardation, but without any reversal of direction. With 
pneumatic operation, in which operating pistons, valves, 
and buffers could be designed to give almost any required 
acceleration, retardation, and travel characteristics, it 
should be possible to obtain a very smooth and con¬ 
trolled action. Another advantage of the proposal is 
that, in any one complete operation cycle, ” make ” 
would take place at contacts inside a turbulator pot 
different and remote from that in which “ break ” had 
just taken place, so that there would appear to be little 
or no risk, from the point of view of the breaker itself, 
of reclosing too soon after breaking. The only limita¬ 
tions to speed of operation -would therefore be mechanical 
ones. Of course, each successive complete cycle of 
opening and closing would require rotation in the 
opposite direction to that of the last previous operation, 
but, again with pneumatic mechanism, this should present 
no great difficulty. 

[The authors' reply to this discussion will be published 
later.] 

AT BELFAST, 18th JANUARY, 1938 

voltage distribution system. No matter how reliable the 
various components of a distribution system may be or 
how carefully operation and maintenance is planned and 
carried out, it is inevitable that a certain number of faults 
will occur, and these will result in interruptions of supply 
unless the distribution system is designed to prevent it. 
In my opinion a reasonable ideal to aim at is that a fault 
on a high-voltage cable should not cause any interruption 
of supply. This means that the distribution system 
should be an interconnected system, at least to the extent 
that every substation is fed simultaneously from two 
sources, and every cable should be provided with unit- 
type protective gear. Further, tail-end feeders and tees 
would not be permissible. This is an ideal rarely 
achieved, and indeed systems which were originally 
designed and laid out as interconnected systems have 
now been split up and are operating virtually as radial 
systems, thereby experiencing a larger number of 
shutdowns. 

This state of affairs has no doubt been largely brought 
about by the rapid growth of available fault power on 
modern systems, coupled with the unavoidable de-rating 
of some of the older installations of switchgear. Another 
contributory factor is the natural desire on the part of 
the operating engineer to limit the extent of the area 
affected by the current and voltage surges consequent 
on a fault, a desire probably caused by experience with 
some of the older and less satisfactory forms of pro¬ 
tective gear. It is often considered preferable to have a 
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localized total shutdown than an extensive system dis¬ 
turbance with no actual shutdown. The paper shows 
that there are now available types of protective gear 
and switchgear having high performance values, with 
which it is possible to construct a completely intercon¬ 


nected system, capable of clearing all faults without 
disturbance to synchronous machinery. 

[The authors’ reply to this discussion'will be published 
later.] 


IRISH CENTRE, AT DUBLIN, 20TH JANUARY, 1938 


Mr. J. A. Butler: It seems to me that, instead of 
ta kin g elaborate and expensive precautions to minimize 
the risk of fire due to the use of oil in switchgear, the 
most practical method of dealing with the problem would 
be to avoid the use of oil. The Electricity Supply Board 
have approached the problem from this point of view, 
and in the larger .stations which they have at present 
under construction the use of oilless switchgear has been 
adopted. The most elaborate precautions taken against 
interruption of supply can be of little use if the human 
element fails and faulty operation results. In the larger 
stations mentioned, the Electricity Supply Board have 
adopted the use of compressed air for switchgear opera¬ 
tion purposes; this provides great ease of operation but 
at the same tune permits of simple and effective inter¬ 
locking between the component parts of the switchgear, to 
prevent incorrect operation. 

Mr. C. Y. O’Donnell: I regret that the authors make 
no mention of the Buchholz relay, which can be con¬ 
sidered to be the most effective protective relay for large 
power transformers. It has the following advantages 
over Merz-Price pilot-wire protection: (a) The Buchholz 
relay detects faults in the incipient stages and enables 
the transformer to be disconnected by hand before any 
serious damage is done. (&) It provides protection against 
inter-turn faults on one limb of the transformer, a type 
of fault which will not be detected by any type of 
balanced-current protection, (c) From the point of view 
of cost it is vastly superior to other forms of protection 
as it eliminates the necessity for duplicate current- 
transformers on either side of the transformer, as well as 
the expensive interconnecting cable. With the rapid 
development and use of the on-load tap-changing 
transformer, its advantage in cost becomes even more 
apparent, in that all forms of balance-current protection 
require complicated balancing devices to neutralize the 
out-of-balance currents which would otherwise flow in 
the protective relay owing to the varying ratio of the 
transformer on load. 

What is the authors’ attitude to inter-turfi protection 
on generators ? Merz—Price balanced-current type of 
protection would be insensitive to inter-turn faults on 
generators, and no alternative protection appears to be 
offered by British manufacturers. Certain Continental 
manufacturers provide automatic tripping of generators 
by utilizing the unbalance of the neutral-point voltage 
which occurs on an inter-turn fault. This practice would 
appear to be only applicable in cases where the neutral 
point of the generator is insulated, or earthed through 
a fairly high resistance. In cases where the generator 
neutral-point is earthed solidly or through a low resis¬ 
tance, some alternative method of detecting the inter¬ 
turn fault would have to be provided. 

Mr. J. Higgins : The paper gives in graphical form 
the safe short-circuit currents for underground cables. 


This classical calculation is not of great practical im¬ 
portance as it would be too costly to work to where a 
city load, for example, had been connected to the grid 
network. Besides, public safety is not involved should 
the maximum short-circuit current exceed the “ per¬ 
missible ” limits. What is of far greater importance is 
the short-circuit security of overhead lines, as the public 
safety is here involved. 

Copper is still the standard conductor material for 
underground cables, but for overhead lines various 
materials are being used, such as hard-drawn copper, 
cadmium copper, Copperweld, galvanized steel, alu¬ 
minium, steel-cored aluminium, and steel-cored copper. 
All have different physical characteristics and conse¬ 
quently different degrees of security under short-circuit. 
The importance of this matter is increasing owing, on the 
one hand, to the reduction of the construction standard 
via the revised ice-loading figure, and on the other hand 
to the tendency to use longer spans. Thus the security 
obtained on normal jobs without computation and solely 
on the basis of experience may not be obtained with 
new constructions. 

Busbar protection is superfluous on a network sub¬ 
station such as that illustrated by the authors, as the 
switches in other substations on the network would 

come out for a busbar fault. 

If steps are to be taken to eliminate fire risk, why not do 
so by the elimination of inflammable material from the 
substation by the use of oilless circuit-breakers, trans¬ 
formers, and cable-boxes ? 

Finally, if enclosed busbar construction is being re¬ 
tained, what experimental evidence can the authors put 
forward to show that the Buchholz relay would not give 
security? It is usual to try out the simple apparatus 
which is available before considering the more complex 
and hazardous methods. 

Mr. R. C. Cuffe : I regret that the Petersen coil 
is dismissed so briefly by the authors, as very little 
literature is available in English dealing with either its 
operation or its construction. Regarding the alternative 
put forward by the authors, namely the voltage-injection 
system, there are several points which are not very 
clear *~ 

(1) In the vector diagram of Fig. 15(a) the impedance 
of the injection transformer appears to have been omitted 
when the direction of the fault-current vector I, is 

determined. 1 

(2) No vector diagram is given for the intermediate 
step when both S 4 and S 2 are closed. It appears that 
these switching operations might set up further dis¬ 
turbances. 

(3) The rating and ratio of the injection transformer 
and the rating of the resistance are not indicated by the 
authors. 

(4) From examination of. the vector diagram in 
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Fig. 15(5) it is obvious that the magnitude of the earth¬ 
ing resistance will have to be altered when the length of 
the connected network is changed. It is not apparent 
that this alteration will be any smaller than the equivalent 
alteration required with a Petersen coil. Manufacturers 
claim that, with a properly designed Petersen coil, no 
trouble arises from (I) resonance voltages due to the high 
flux-densities in the core of the coil, and (2) that the 
recovery of voltage across the fault is kept low for a 
sufficient duration owing to the resistance damping in 
the coil and network. 

In general, the proposed system would appear at a 
first glance to have the following disadvantages when 


compared with the Petersen coil: (i) More complex high- 
voltage connections, (ii) More elaborate plant, and 
hence, most probably, higher first cost, (iii) It entails 
moving parts, e.g. relays and switches. Thus the 
questions of wear and reliability of operation arise. 

Regarding automatic reclosing of circuit-breakers, this 
appears to be a development which is as yet in its 
early stages as regards practical application to net¬ 
works, but which would appear to have large future 
possibilities. 

[The authors’ reply to this discussion will be published 
later.] 


MERSEY AND NORTH WALES (LIVERPOOL) CENTRE, AT LIVERPOOL, 

24TH JANUARY, 1938 


Mr. J. O. Knowles: I am pleased to note that 
the authors’ recommended maximum permissible short- 
circuit values on various voltages (Table 1) confirm the 
figures I set down in briefer and more tentative form in a 
paper* last year. With regard to the normal-load 
currents given in the last column of Table 1, it is not 
clear whether 800 amperes is the recommended minimum 
normal current-rating of any 6 • G-kV or 11-kV breaker or 
the minimum normal current-rating of breakers rated at 
500 MVA and 750 MVA respectively. 

Fig. 2 should be a very useful guide to minimum cable- 
sizes for safe working according to the short-circuit con¬ 
ditions possible. I have compared the current values 
given in these curves for a time of 0 ■ 2 sec. with those I 
obtained last year from the C.M.A., and find they agree 
closely. At the same time, I recognize that the authors 
have qualified the curves by their statements at the 
bottom of page 448. ' 

I should have liked Table 1 to have included figures for 
a service voltage of 400 volts, and Table 2 to have been 
extended to cover the 3-core cables more commonly 
associated with the lower voltages. 

I am glad to note in the paper a reference to incipient 
damage to cables due to their carrying short-circuits even 
for the short time required to open circuit on fault 
currents. I should like to see approximate recommenda¬ 
tions (on the lines of Table 1 and based on Table 2) for 
the minimum sizes of cable which users should standardize 
on important distribution networks for various voltages 
—say, a minimum of Ol-sq. in. cable on 11 kV, and 
so on. 

As to the relative values of site testing and testing 
during manufacture, it is true that too much stress cannot 
be laid on the testing of insulation throughout the stages 
of manufacture, but even the best insulation after having 
been tested at the works does sometimes fail in service, 
and it is the failure in service which is all-important. 
The science of forecasting insulation breakdowns under 
service conditions is in its infancy at present, and I would 
only at this stage stress its importance. 

I agree that faults may start as earth faults only, but 
it might just happen that the circuit-breaker was partly 
open when the earth fault became a phase-to-phase fault 
of much greater magnitude. I am told that some breaker 
failures have been at least thought to be due to such a 

* Journal I.E.E., 1937, vol. 81, p. 143. 
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coincidence, however unlikely it might appear to be. In 
modern breakers fitted with arc-control devices, the 
sudden change of conditions occurring with partly-open 
contacts might be very serious. 

The fast-acting and pneumo-oil-operated high-speed 
breakers illustrated in the paper are developments of 
great value. It is interesting to note the adaptability 
of the arrangement of contacts and contact movement 
permitted by the use of modern arc-control devices. 
The horizontal movement shown in Fig. 17 cuts down 
the oil content as well as the operating time, and the 
single-break high-speed breaker shown in Fig. 19 has 
a minimum of weight in its moving parts and also in its 
oil content. 

In this country we have not perhaps paid sufficient 
attention to the use of circuit-breakers which contain 
either no oil or only a tiny quantity of oil. 

Mr. W. A. A. Burgess : It should be made clear to all 
supply engineers that when sectionalizing their systems 
they must provide for the maintenance of neutral earth¬ 
ing on every section under every condition of operation. 
In this connection, if the circuit at (1) in Fig. 5 were 
made through a circuit-breaker there would be a possi¬ 
bility of Switch-house A, together with the only neutral 
earth on the system, being separated from the fault 
earth, which would then persist as an arcing-earth 
passing capacitance current only and causing dangerous 
oscillations on the B system without passing enough 
power current to trip any circuit-breaker which might 
clear it. 

The paper rather presupposes the universal use of 
metalclad switchgear, while this practice is very largely 
adopted at all voltages below 132 kV, there is a school of 
thought, notably in Liverpool, which prefers air-spaced 
equipment. I would suggest that the risks of outage 
already pointed out in the paper are accentuated with 
air-spaced gear. 

I am not prepared to accept Fig. 2 as readily as does 
Mr. Knowles, as I consider that considerable further 
cable-research is needed before anything definite can be 
known of the actual performance of buried cables with 
through currents and times of the orders given. I 
would unhesitatingly accept Fig. 2 as a basis for new 
installations, but should apply it to 3-phase cables instead 
of the single-phase cables upon which it is based. 

Mr. A. N. Mansfield : I quite agree with the authors 

32 
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that routine site-testing is of little use. A.C. voltage 
testing has obvious limitations, and d.c. tests are not 
favoured by switchgear experts. The cable manu¬ 
facturers, however, favour them, claiming that they are 
non-injurious and give excellent indications of cable 
condition in expert hands. 

With regard to power-factor tests, the present design 
of switchgear seems to limit them to outdoor gear. 

The prevention of faults is of great interest when 
large overhead systems are concerned, and the voltage- 
injection scheme outlined in the paper seems to have 
two advantages over the Petersen coil, namely the 
elimination of tuning and-the limitation of undue stress 
on the two healthy phases. I should like to ask the 
authors whether there are any data available as to its 
behaviour under service conditions. 

Turning to the question of safeguards, every operation 
engineer will agree that a great reduction in the very 
large quantities of oil now in use is one of the most urgent 
needs. In Fig. 17 a breaker is shown with a shallow 
form of tank which is stated to give a 40 % reduction of 
oil, and in the switch depicted in Fig. 19 the oil is no 
doubt reduced still more. These reductions, however, 
seem to be incidental to the development of arc-extinction 
devices and increases of breaking speeds. 

Mention has been made of the air-blast type of switch; 
it is a desire to limit the explosion and oil-fire risk 
throughout the whole range of high-voltage gear that has 
aroused such general interest in this type of gear. 

Mr. L. C. Grant: The authors have subdivided the 
question of protection into what seem to me to be three 
classes: one is the arrangement of the gear, with sub¬ 
division of the busbars, feeders, and switches, into mech¬ 
anical compartments; then there is the protective gear 
itself; and thirdly the development in recent years of 
several new types of circuit-breaker. 

In the past the chief cause of trouble seems to have 
been either a busbar failure or an oil fire. In America 
heroic attempts have been made to isolate these troubles. 
I remember one American station where there were four 
separate switch-houses. In another case the three phases 
were isolated into three separate buildings, and even then 
the designers did not achieve what they desired, because 
a short-circuit developed over the mechanical operating 
gear. 

The circuit-breaker business itself seems to be develop¬ 


ing on the lines of the gas- and air-blast circuit-breaker on 
the Continent, and many new types of oil breaker in this 
country. I have a sneaking regard for the use of oil, 
not because it aids arc extinction but because oil is a good 
mobile insulating material. The chief disadvantage 
appears to be the danger of oil-vapour explosion and fire. 
Any oil in the neighbourhood of the arc itself will be 
vaporized and will produce an explosion when admitted 
to the presence of oxygen. It seems to me that one 
cannot get away from that danger, and so there is little 
to be gained by reducing the quantity of oil. If progress 
along this line is to be achieved the oil must be eliminated 
altogether. 

In a paper* which I read before The Institution in 1929 
I described a circuit-breaker and some tests carried out on 
it which produced an oil-less arc-extinguishing process. 
Some of the recent circuit-breaking devices resemble that 
breaker in appearance, but the oscillograph records 
suggest that the arc energy and stresses are greater. 

A considerable amount of good can be achieved by 
some of the proposals put forward by the authors: for 
instance, in the paper an attempt is made to limit the 
amount of oil that can reach the arc, and to utilize what¬ 
ever is vaporized to put out the arc. 

In the method of protection against high-voltage 
surges, I am rather surprised to find the authors pressing 
the use of shunt spark-gaps. I have always thought that 
a spark to earth provides an easy path for power current, 
and thus the authors seem to be deliberately introducing 
a problem which switchgear designers have been trying to- 
eliminate for the past 30-40 years. I fail to see how any 
type of air-break device, no matter how accurate it may 
be, can be relied upon to put out the arc. The action of 
certain special gaps and arresters is certainly ingenious, 
but some power current must be there and it will under 
bad conditions grow to undesirable values. It therefore 
seems to me that somewhere one must be relying finally 
upon the circuit-breaker. 

A number of years ago a device known as the surge- 
absorber was developed and in it an effort was made to- 
avoid a shunt path to earth while yet embodying the- 
property of dissipating high-frequency and high-voltage- 
surges. 

[The authors' reply to this discussion will be published! 
later.] 


SOUTH MIDLAND CENTRE, AT BIRMINGHAM, 7th FEBRUARY, 1938 


Major A. M. Taylor : I will discuss safeguards from 
only one point of view, namely that of first causes of 
disasters. I have particularly in mind the question of 
generator stability and its association with quick-break¬ 
ing switches. At no place in- the world has more atten¬ 
tion been given to this point than at Boulder Dam 
(U.S.A.). Huge issues were at stake, and extreme care 
was consequently taken with the stability calculations. 
On account of stability considerations it was necessary 
to cut down the output per transmission circuit to one- 
half, or less, of the desired value, thus doubling the 
transmission charges. 

According to the paper (Table 3), a period of 5 cycles, 
from the moment of the start of the short-circuit, has to 


elapse before the arc is broken; the corresponding figure- 
for the Boulder Dam breakers is 2 • 5 cycles. Again, the 
e.m.f. and kVA broken in the authors’ case are 132 kV 
and 1 500 000 kVA, compared with 275 kV and 2 500 000' 
kVA on the Boulder Dam scheme. The authors must 
not be blamed for the fact that the voltage and current, 
requirements in this country at present are less than 
abroad. In some of our Empire possessions larger values, 
may be demanded shortly. I would add that still bigger 
powers may have to be interrupted, per circuit, on the 
Boulder Dam scheme in the near future. 

There is some scope for progress in regard to the time 
that elapses from the moment of the first passage off 

* Journal I.E.E., 1930, vol. 68, p. 1089. 
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power current across a line insulator, consequent on a 
direct lightning stroke, to its ultimate extinction. The 
authors may say that the duration of the arc in their 
switch, in the circuit-breaker itself, only differs by a 
half-cycle from that in the Boulder Dam switch. But 
that is not the point. The real point is whether the 
damage at the insulator on the overhead line is not 
going to be tremendously reduced in consequence of those 


values of angular acceleration, under short-circuit, 
plotted against time, calculated for the Boulder Dam 
generators and a 270-mile line. An ordinary circuit- 
breaker, operating in 7| cycles, would open at the point 
C on the curve DCE.* Bearing in mind that the react¬ 
ance drop in the stand-by line is momentarily doubled 
(where there is no line sectionalization), and making a 
fresh calculation for the diminished—but not cancelled 



Fig. F.—Stability calculations for Boulder Dam scheme. 

Curve DCE. Three-phase short-circuit of 240 000-kW 220-ltV generating plant, initial load 260 000 kW. 
Calculations according to W. S. Petersen. 

Curve CF. With a very long line (breaker has operated, but instability remains). 

Curve CA. Boulder Darn line, 0 • 29 sec. (uncompensated), stability doubtful. Breaker operates at C. 
Line less than 300 miles long. 

Curve DG. Boulder Dam line 0*10sec. (without boosters); stability limit low, though safe. D is point 
where breaker should open a parallel line. 

Curve D'C'. Quadrature boosters employed: calculations according to Taylor and Petersen. 

Curve D'B. Boulder Dam line, using boosters; stability limit trebled by tbeir use. This curve shows 
40° advantage in stability over DG. * 

-Two'-phase fault to earth on 260 OOO-lcW 220-kV generating plant, initial load 300 000 ltW 

(Kronberg and McFerran). 

— — — Two-phase fault to earth on 120 000-kW 154-lcV generating plant, initial load 96 000 kW (Summers 
and McClure). 

-Drop of motor angle (deceleration). 


2*5sec. saved by the Boulder Dam breakers. (It is 
granted that the conditions at Boulder Dam are much 
more severe than those that obtain in this country; hut 
it is assumed that the authors want to meet any likely 
conditions anywhere.) If the authors had had to design 
for 275 kV they would have had an arc separation of the 
switch contacts of over double the distance; and the 
time would have been proportionately increased. 

Referring to Fig. F,* the curve marked DCE represents 

* See also Report of the Paris H.T. Conference, 1937, Paper No. 118. 


—acceleration of the generator after the point C has 
been reached, due to this reactance, it will be appreciated 
that it is just " touch and go ” whether the acceleration 
curve DCA is reached, or, still worse, the curve DCF. 
Even the curve DCA involves, as will be seen, a lead 
of the generator e.m.f. of 135° (120° -f 15°) over the 
phase position of the receiver induced e.m.f.; and it is 
well known that a lead much exceeding 90° invites 

* Strictly speaking, the points D and C on the curve are incorrectly placed, 
but their relative positions are correct and do not affect the argument. 
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instability. If, however, as is effected by the Boulder 
Dam switch, the cut-off occurs at the point D of the 
curve instead of at C (the latter is nearer to that given 
by the authors' switch), the dotted curve marked G 
is obtained and the generator recovers itself and gets 
back to an angle of advance of 42°. According to the 
authors’ data, given in Table 3, their switch would not 
open till the generator had accelerated to 62°, and, 
allowing for the upward continuation, of the curve after 
the switch has opened, due to the doubled reactance of 
the line, there would be considerable danger of an angle 
of 90° being reached before the curve became asymptotic 
to the baseline. 

Judging by communications I am receiving daily from 
transmission engineers in all parts of the world, serious 
ignorance prevails as to the conditions under which a 
station becomes transiently unstable. The calculations 
are unfortunately exceedingly intricate and laborious, 
and it may be helpful if I give a few approximate values, 
based upon the Boulder Dam calculations but contem¬ 
plating the use of circuit-breakers of the ordinary type 
(say 9 cycles, overall), and for lines of various lengths and 
voltages. These figures may be useful, especially in con¬ 
nection with transmission lines of 66 000-88 000 volts 
and for lengths of 50 to 200 miles, of which there are very 
many in the Dominions and Colonies. 

For 132 kV and 300 miles allow 20 000 kW per 2 circuits 
(half this for 1 circuit). 

For 88 kV and 200 miles allow 10 000 kW for 2 circuits 
(half this for 1 circuit), 

For 66 kV and 200 miles allow 5 000 kW per 2 circuits 
(half this for 1 circuit). 

For 66 kV and 100 miles allow 9 000 kW per 2 circuits 
(half this for 1 circuit), 

Dr. C. C. Garrard: The references included in 
Section (8) only go back to 1925, but the developments 
of which the paper gives some of the most interesting 
recent examples were of a much earlier date than this. 

The first attempt to design safe switchgear was made 
by Ferranti in producing his cubicle construction, which 
to-day still has many adherents. The oil circuit-breakers 
of that time had insulated tanks, but since then the 
earthed-tank circuit-breaker has been much more largely 
used, although in the modern development of “ oil-poor ” 
breakers we have returned to the former type. 

I suppose the design shown in Fig. 4 b is of the oil-poor 
type, but as it uses oil in the operating mechanism and 
for insulating the busbars and spouts it cannot be said to 
have reduced the quantity of oil very much; if oil is 
dangerous, it is just as dangerous in the busbars as in the 
circuit-breaker. It is doubtful whether it is worth while 
to adopt the complicated design shown in Fig. 4b in 
order to get an earthed enclosure of the circuit-breaker. 

The use of oil or compound for the purpose of insulating 
such busbars seems to me to be no longer justifiable, but 
the tee-off points from the busbars may still have to be 
insulated with oil or compound (if one does not adopt the 
cubicle construction). The busbars themselves, however, 
if constructed on the condenser principle, are absolutely 
reliable and, to all intents and purposes, fireproof. 

Referring to the air-oil operating mechanism, I take 
it the authors will not claim that the oil used here gives 


any quicker operation, as the speed of operation is 
dependent on the speed of the piston in the air cylinder. 
The oil-operating rod is simply a means, I presume, of 
securing a compact form of mechanism. I am inclined 
to think that the supporters of the cubicle construction 
will find their faith strengthened when they examine 
the “ jigsaw ” type of switchgear illustrated in Fig. 4 a. 

It appears to me that the contact between the blade of 
the isolator and the bottom of the authors' removable 
busbar section cannot be inspected when in position, and 
this is the part which might go wrong owing to making 
bad contact. 

I should like to ask whether with the arrangement 
shown in Fig. 4 a it is possible to earth any circuit 
through the associated circuit-breaker. 

I am very dubious regarding the desirability of the 
spark-gaps mentioned by the authors. If these are 
necessary, I should think properly-constructed lightning 
arresters would be best. Do the authors advocate these 
spark-gaps for purely cable systems as well as for over¬ 
head fines ? I am inclined to the belief that any form 
of spark-gap which has no series resistance is likely to 
do more harm than good. The proposed spark-gaps are 
intended primarily, I take it, to protect transformers. 
Such a spark-gap, it is true, will chop off the crest of 
an incoming electrical surge, but the most vulnerable part 
of a transformer with respect to surges is the insulation 
between turns, especially the end turns. If the oncoming 
surge has a steep wave-front, of, say, a microsecond or so, 
this will stress the inter-turn insulation. The authors’ 
spark-gap is no remedy; in fact, it may increase very 
considerably the inter-turn stress. This is because the 
chopping-off action I have just referred to results in the 
tail being much steeper than the front of the surge wave, 
and a steep tail also stresses the inter-turn insulation. 
This effect cannot occur with a lightning arrester which 
has series resistance, the effect of the series resistance 
being to stretch out the tail of the wave. I do not 
think transformer manufacturers will be very eager to 
adopt the spark-gap suggested by the authors. 

On page 466 they say that " above 100 kV automatic 
reclosing of circuit-breakers compares favourably with 
arc-suppression schemes and is to be preferred.” This 
statement, however, begs the whole question. The 
fundamental justification for the installation of arc- 
suppression schemes is the claim that thereby shutdowns 
due to faults are very greatly reduced in number, not only 
in the case of overhead fines but also for cable systems. 
Automatic reclosing of large circuit-breakers is somewhat 
dangerous, and especially when arc-control devices are 
utilized. All arc-control devices consist essentially of a 
small enclosure in which the arcing occurs. The oil in 
this small enclosure becomes carbonized and of low 
electric strength. If the circuit-breaker be immediately 
reclosed, there is danger of premature arcing occurring 
between the contacts, on the closing stroke. B.S.S. 
No. 116—1937 very wisely calls for a 3-minute interval 
between successive tests, which allows the carbonization, 
to be dispersed and the electric strength restored. I 
am not saying that the 3-minute interval cannot be 
safely reduced—it can be—but there is a vast difference 
between that and a small fraction of a second. I think 
it unwise at the present time to advocate very quick 
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reclosing in large power stations as a panacea for pre¬ 
venting shutdowns. I think we should strike at the root 
of the matter and reduce the number of times a circuit- 
breaker is called upon to operate on fault; and it appears 
to me that the Petersen-coil idea gives the best hope in 
this direction. 

Mr. W. R. Cox: On page 456 one system of feeder 
protection using pilots is described; reference is made to 
“ solid ” core current-transformers, whereas these current 
transformers actually have laminated cores. Since the 
majority of current transformers have no air-gaps, it 
seems logical that those which have air-gaps should be 
specified as such. This is particularly so because, for the 
last 20 years at least, there has been in use in this country 
and America a number of differential protective schemes 
using normal current-transformers. This is achieved by 




Fig. G.—Biased discriminating busbar-zone protection: 
single-line schematic diagram showing current distribu¬ 
tion for normal condition. 

(a) i 0 — iji in all cases; relays restrained. 

(b) i n exceeds ip in Relay A, and operation results. All circuits that feed 
into the fault are isolated. 


the use of the principle of electrical bias, not mentioned in 
the paper. The provision of electrical bias gives a means 
of setting up the operating value of the relay as the load 
increases, which enables extreme sensitivity at low loads 
to be combined with complete freedom from incorrect 
operation upon the occurrence of heavy through faults. 
High-speed operation is also general. In this way com¬ 
plications such as special pilots, tuned circuits, and cur¬ 
rent transformers with air-gaps, are eliminated; in short, 
the reliability required is obtained with the simplest 
possible apparatus. 

A typical application of a biased protective system is 
shown schematically in Fig. G. This system depicts a 
busbar protective scheme applied to a 3-feeder switch¬ 
board. The equipment required consists of three normal 
current-transformers and one 3-pole protective relay 
associated with each feeder. For simplicity, the diagram 
shows one phase only. The mechanical arrangement of 
the relay can take several forms, but probably the form 


which best illustrates the action of the relay is the beam 
type. Imagine a pivoted beam with a magnet armature 
on each side of the fulcrum and a set of contacts 1 on one 
side. Each armature is influenced by the current flowing 
in the two coils. The one nearest the contact system is the 
operating coil, and the one remote from the contacts is 
the restraining coil. If the current in the coils is such 
that the pull on the armature in the operating coil 
exceeds the pull caused by the current in the restraining 
coil, the relay operates to close its contacts. Mech¬ 
anically, the beam is arranged so that the relay contacts 
remain open when there is no current in the relay 
coils. 

The diagram shows the current distribution in two 
cases: (a) when the system is normal, ( b ) when a busbar 
fault exists. In the first case it will be noted that equal 
currents flow in both the restraining and the operating 
coils of all relays. This gives stability, as the distance 
between the fulcrum of the beam and the restraining 
armature is greater than the distance between the fulcrum 
and the operating armature by a length proportional to 
the percentage bias. The relay contacts are therefore held 
open. Stable conditions also exist for faults in Feeders B 
and C, which may cause a heavy through feed to the fault. 
In the second case a busbar fault is assumed, and it will 
be seen that the distribution of currents is such that the 
operating coil of the relay associated with Feeder A 
passes more current than the restraining coil, and the 
relay operates to trip Feeder A. If Feeders B and C are 
outgoing feeders only, they are not tripped; but the 
tripping of Feeder A interrupts the power flow into the 
fault. If, on the other hand, either or both of Feeders B 
and C are able to feed back into the fault, the redistribu¬ 
tion of the current in the relays associated with these 
feeders will result in these feeders being tripped also. 
Therefore, in all cases the power flow into the fault is 
interrupted. 

Mr. John Walter Gibson: The scheme of arc sup¬ 
pression by voltage injection is very ingenious, and clearly 
has a number of advantages over the Petersen coil, parti¬ 
cularly in that no adjustments have to be made for varia¬ 
tion of the total length of line in circuit. On the other 
hand, much complication is entailed by the presence of 
apparatus operating at the system voltage; the four 
switches, which have to open under load, must inevitably 
be bulky and expensive. 

With regard to the busbar-zone protection schemes, I 
am surprised at the authors’ suggestion that the pro¬ 
tective gear should not directly clear a fault at what is a 
vital point but should merely give a warning. This 
seems to show that the authors have doubts of the 
reliability of the apparatus. 

Mr. J. S. Cliff: Referring to the pneumo-oil-operated 
circuit-breakers, shown in Figs. 4 b and 19, which have 
been developed for high-speed fault clearance and suit¬ 
ability for auto-reclosing, the authors state that “ the 
inertia of the moving parts has been reduced to merely 
that of the metal rod contact.” Actually this is not so, 
since there is no latch between the contact system and 
the operating piston and coupling bar, so that these 
members also have to be accelerated whenever the 
contacts are opened or closed. I think considerably less 
inertia could be obtained by using an arrangement -where- 
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by the contact system could be disconnected by means of 
a latch from the closing piston during opening. 

A very important requirement of a circuit-breaker to be 
used for auto-reclosing is its ability to open without delay 
immediately after closing, so that the circuit can be 
cleared rapidly should the fault still persist. The 
pneumo-oil operation, as shown in Fig. 19, does not 
appear to fulfil this requirement very well; in fact, it is 
difficult to see how the circuit-breaker can open at all 
after it has been closed pneumatically, there being no 
means for allowing the air to escape from the cylinder 
once it has been admitted, as both valves only com¬ 
municate with the pressure supply. Presumably two 
additional exhaust valves, not shown, are required to 
do this. 

On a make/break operation the air would have to be 
removed from behind the piston before the contacts could 
be opened again, should the fault persist. As the pro¬ 
tective gear wall re-energize the trip coil in 2 cycles, the 
air must be removed in this time unless opening is to be 
delayed, with consequent lengthening of the fault dura¬ 
tion. Should the breaker attempt to open before the air 
has been exhausted, the contact opening speed would 
probably be reduced and this might interfere with the 
correct functioning of the turbulator arc-control device. 
It seems doubtful whether the closing air could be 
exhausted in 2 cycles. The introduction of a latch would 
have avoided the necessity for doing this. It would be 
interesting to have the authors’ views on this point. 

In their suggestions on the layout of switchgear, the 
authors tend to overstress the desirability of access to 
components for routine inspection and show isolators and 
busbars arranged for easy examination. The circuit- 
breaker contacts, however, which probably need inspect¬ 
ing more frequently than any other part of the installa¬ 
tion, appear to have been made the most inaccessible 
items. I think this is a retrograde step. 

Mr. R. M. Charley: I should like to refer to one 
safeguard that is not mentioned in the paper, namely 
Buchholz gas protection for transformers. There are 
several types of fault that may occur in a transformer, 
against which the usual electrical methods of protection 
offer no safeguard, at an}' rate until the fault has assumed 
serious proportions. There may be an incipient break¬ 
down of the insulation between turns: such a fault would 
have to grow for a long time before overload, balanced- 
current, or earth-leakage protection, would function. 
Overheating of the core may be taking place due to the 
breakdown of core insulation: this type of fault may 
result in very serious damage to the core before the 
electrical methods of protection give any warning of it. 
There is an example of a big transformer that actually 
caught fire while carrying load normally, and as far as 
the switchboard instruments indicated everything was in 
order. Insulation and ratio tests were applied to the 
•windings and there was no sign of a fault. On inspection 
of the inside of the tank it was seen that there was a 
large volume of steel at the bottom, and this had been 
melted from the laminations of the core; but the windings 
were intact. To repair this transformer a new core was 
required, but if Buchholz protection had been installed, 
althpugh the fault would not have been prevented the 
amount of damage would have been greatly reduced.' 


This method of safeguarding is well justified on all 
large transformers for normal service, and it is valuable 
for special cases such as voltage regulators, earthing 
transformers, and reactors, where it is difficult to apply 
the usual electrical protective schemes. 

Mr. William Brown (Birmingham): Dr. Garrard 
mentioned the use of spark-gaps, and I should like to 
refer to our experience of them on the grid. Like all 
other undertakers, we have had some lightning trouble, 
but the trouble we have experienced with the 132-kV 
system has been less than that which has been encoun¬ 
tered on the lower-voltage lines. In Central England, 
where we started to operate in 1931, although we have 
had an average of 3 or 4 trip-outs a year on the 132-kV 
lines, due to lightning, we have had only one instance of 
damage to apparatus, and that was damage to the end 
turns of a transformer. Similar damage has occurred in 
other areas of the grid, but the instances have not been 
numerous. As a matter of experiment we have fitted co¬ 
ordinating gaps similar to the spark-gap shown on the 
authors’ model, but our experience has not been sufficient 
to enable us to pass an opinion as to their value. Having 
seen the experiment carried out by the authors, it makes 
one wonder whether they are of any use. I have asked a 
number of engineers who have fitted lightning arresters 
to express an opinion as to their value, and all they can 
say is that they have had no more trouble since they put 
them on than they had before. 

Dr. W. Wilson: There are two points which I should 
specially like to commend in what may be called the 
general policy set forth by the authors. First, I agree 
with their insistence on protective gear being applied to 
every part of the circuit, including the busbars, in order 
to cut off the trouble at its source. My own firm has 
produced busbar protective schemes for at least 7 years, 
but supply engineers seem to have regarded the busbar as 
something so reliable that it did not need protection, and 
in consequence it has been difficult to persuade engineers 
to adopt such schemes. 

The second point is with regard to the avoidance of 
unduly large currents. Now heavy currents, both 
normal and breaking, are due to the use of too low a' 
voltage. ’ It is difficult to understand the conservatism 
which prompts users to adopt the lowest possible voltage, 
apparently with a view to the reduction of danger from 
shock, when inconvenience and even danger from other 
sources are greatly increased thereby. In the first place, 
voltages up to 132 kV are commonplace to-day, and the 
design of insulation, spacing, and apparatus generally for 
dealing with high potentials is well understood and 
standardized. In the second place, an a.c. voltage as 
low as 400 volts is a fatal one, and low voltages are 
moreover responsible for more than their share of acci¬ 
dents owing to the greater risk of a leak not tripping the 
breaker. It should be emphasized that nearly all the 
trouble that can cause the switchgear to fail is due to 
current and not voltage. The production of gas in an 
oil circuit-breaker is at the rate of approximately 4 cu. in. 
per kW-sec., i.e. it is proportional to the square of the 
current. Thus a needlessly high current brings about 
increased gas production, which tends to cause flame- 
throwing and bursting of the tank. Mechanical forces 
are also proportional to the square of the current. They 
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tend to force the insulating posts apart, to distort the 
cross-bar, and to cause the trip gear to fail. Further¬ 
more, if a normal current exceeding about the figure the 
authors mention, i.e. about 2 kilo-amperes, is employed, 
the contacts become so extensive that the clearances are 


encroached upon, while overheating of the tanks and 
cubicles becomes noticeable. 

[The authors’ reply to this discussion will be published 
later.] 


EAST MIDLAND SUB-CENTRE, AT LOUGHBOROUGH, 8th FEBRUARY, 1938 


Mr. G. Caton: In reference to the section of the paper 
dealing with high-speed automatic-reclosing oil circuit- 
breakers, I note that the authors deliberately provide a 
high-speed means of detection and interruption to 
respond to a fault of a transient nature. If they regard 
10 cycles as an ample period of time in which to clear a 
fault of such transient characteristics, then I question the 
justification of opening the circuit under such extreme 
conditions, particularly when the circuit-breaker itself, 
owing to its high-speed interruption, will probably pro¬ 
duce line surges equivalent to those produced by faults of 
that nature. I am rather inclined to think that a circuit- 
breaker of a more normal operating speed would not 
respond to such faults, which are frequently the result 
of twigs falling temporarily across the line, squirrels, etc. 

The tendency of the paper is towards increased costs of 
switchgear, but as the tendency is towards an ideal I do 
not wish to criticize adversely the various types of 
switchgear submitted in the paper, beyond reminding the 
authors that each additional accessible electrical joint 
and each additional piece of mechanism provides another 
link in the chain of potential trouble. 

To produce a high-speed interruption of supply by 
means of an oil circuit-breaker one has to resort to special 
arc-control devices, on which the circuit-breaker func¬ 
tioning primarily depends. With this in mind I would 
refer to Fig. 17, showing horizontal turbulators, and would 
ask whether the authors have had experience of a carbon 
or a metallic path along the inner horizontal surface of 
turbulators after a number of short-circuit operations. 
This would have the effect of projecting the fixed contact 
towards the orifice of the turbulator, with consequent 
deleterious results. What period of time is required to 
overcome the inertia of the rotatable mass of this type 
of breaker ? 

Referring to oscillograph record No. 26729 (Fig. 18), it 
is notable that the pressure wave has a rather peculiar 
characteristic in that there is a distinct rise and fall of 
pressure after the period of arc extinction. I should like 
the authors’ observations on this point; possibly it is in 
the nature of a pressure wave projected from point to 
point and eventually reacting upon the pressure-recorder 
transmitter. 

I still think that present designs of automatic protec¬ 
tion leave much to be desired. In connection with the 
more elaborate systems installed in recent years it is 
interesting to consider whether the relays will continue 
to receive the degree of maintenance which they demand 
and are presumably at present receiving. For this reason 
I would make a plea for absolute simplicity of protection. 
The. more sensitive and complex the relay the more 
mechanically unstable it becomes, as the slightest foreign 
matter can interfere with the operation. A sensitive 
relay frequently demands an intermediate relay, which 
means another link in the chain. 


The average induction relay imposes an extremely 
heavy burden on the current transformers, particularly 
on low earth-leakage settings. There are many such 
relays in service which if accurately tested with the 
co-operating current-transformers would produce a 
characteristic curve of an entirely different order from 
that corresponding to the relay only. For this reason I 
strongly support the use of instantaneous protective 
relays and reasonably high earth-leakage settings, and I 
therefore welcome the tendency shown by the paper 
towards relays of the attracted-armature type. This 
type of relay has a decided advantage over the induction- 
disc pattern inasmuch as the imposed burden is very 
much reduced and on the average the relay is more 
stable. 

With regard to directional relays, both of the type 
which the authors describe and also the induction-disc 
pattern, these have the disability that a failure of the 
potential supply seriously disables the relay. Such a 
failure need not necessarily be caused by a faulty voltage 
transformer; it might be the result of an unsuspected 
blown e.h.t. or l.t. fuse. I consider that directional relays 
could with advantage be so arranged as to become 
operative as non-directional relays in the event of failure 
of the voltage supply. 

I look forward to the authors’ Utopia—to the time 
when all faults will commence as earth faults, in con¬ 
sequence of the earthed metal shrouding of all phases 
throughout the whole supply system. If an authoritative 
recommendation were made to the industry to this effect, 
we might look -forward to the time when our protective 
problems will be greatly simplified. 

We may regard busbar-zone protective schemes 
generally, along the lines which the authors put forward, 
as necessary evils, but if we must have such schemes let 
us by all means have them fully automatic and instan¬ 
taneous. I am not enamoured with the proposed interim 
period for busbar protection to be of a semi-manual type. 
On page 458 the authors state that “ protection against 
earth faults only is provided, since switchgear construc¬ 
tion usually provides that busbar-zone faults originate 
only as earth faults." I am inclined to disagree, and I 
would ask whether the authors can justify this statement. 
Also, what are their recommendations for dealing with 
phase-to-phase faults, particularly as they do not greatly 
encourage the use of the ordinary type of overload relay 
for this purpose, on a score of lack of discrimination ? 

Mr. B. Nuttall: Table I is very important, and I 
should like to see the range extended to cover low 
voltages. The lower-voltage range should distinguish 
between permissible limits for normal domestic distribu¬ 
tion networks and for power-station auxiliaries and the 
like. The limits outlined make it very evident to me that 
higher voltages must be used for city distribution systems 
and that supply authorities would find it better to do this 
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and stand the additional transformer losses rather than 
increase the rupturing capacity and therefore the con¬ 
sequent risk and expense of higher-power switchgear. 
The figures give added significance to the short-circuit 
forces available on consumers’ premises and also give 
much food for thought where hand-operated mechanisms 
above 100 000 kVA at 11 kV (or equivalent short-circuit 
current at other voltages) are manipulated by consumers’ 
engineers. 

The limits of making and breaking currents given at the 
bottom of page 448 will, if consistently applied, limit the 
tie-in of grid-transformer capacity to selected stations, 
and will necessitate closer correlation of protective-gear 
settings in the selected stations with respect to those 
of the grid. A later section of the paper shows clearly 
the need for rapid-acting breakers and protective gear 
on the grid 132-kV network, which, properly applied, 
should free the local system of the selected station from 
outside disturbances. This is rightly so, as the local 
system has a higher percentage cable capacity and is 
immune from various atmospheric disturbances to which 
the grid is subject and for which various palliatives are 
submitted by the authors. 

Referring to Fig. 4a, it is not clear what is the object 
of the current transformer shown in the circuit connec¬ 
tion, but on the busbar side. 

The authors state (page 452): “ The need for periodic 
insulation-testing depends upon many factors, and 
diminishes with increasing adequacy of protective safe¬ 
guards.” This statement rather implies that bakelite 
paper insulation maintains its original electric strength. 
Does this form of insulation deteriorate with age ? Do 
the authors as a safeguard index all e.h.t. bushings and 
test for dielectric and power factor before shop assembly ? 
Have such tests been checked on site after, say, 5 years ? 

One can expect trouble with a layout such as that 
shown in Fig. 5. Separate switch-houses ought to have 
justified an oil circuit-breaker at each end of each cable 
connection between them, together with overlap leakage 
protection. 

Turning to page 457, I am not in favour of Merz-Price 
protection for power transformers, as fundamentally the 
interlinked magnetic circuit does not necessarily ensure 
facsimile conditions in the protective transformers, such 
as would occur in the case of alternator protection. I 
regret that no mention is made in the paper of supple¬ 
mentary protective devices such as the Buchholz and 
Hackbridge systems, either of which makes an excellent 
combination with the restricted earth-leakage scheme. 

It would be better if more details of the lock-out 
circuit were given in Fig. 12. I gather that the Dualock 
system would always be recommended for a new job, 
whereas the Time-lock system (Fig. 13) is an effort to 
protect existing gear. It would need applying with great 
caution. For example, the existing current transformers 
might be shown to be badly out of balance by a time 
short-circuit test, and would not be stable. To apply 
such a scheme, all the current transformers would 
probably have to be replaced. 

The horizontal rotary movement of the oil circuit- 
breaker shown in Fig. 17 is many years old, but it is 
interesting to note the improved performance obtained 
by the introduction of the turbulator contact. The 


performance of this arrangement in its original form was 
based on the relatively small inertia of the moving 
member, the ease of fitting ball and roller bearings to 
reduce friction in the mechanism, and the easy cleavage 
of the oil. With the design of Fig. 17 the reduction in 
oil content applies only to the higher transmission 
voltages. For distribution voltages the oil content is 
greater than in the conventional vertical 2-break switch. 

Turning to page 469, I gather that the pneumatic 
closing and tripping mechanism will supersede the solenoid 
type for lower-voltage breakers of high short-circuit 
rating. Is greater speed of operation the only advantage ? 

I think the paper is rather incomplete without test- 
results relating to the breaker shown in Fig. 19. 

In conclusion, it is a matter of regret that a paper on 
a subject of such vital and national importance should 
be left for a single manufacturer to present. It was 
worthy of concentrated efforts by other leading manu¬ 
facturers conjointly with similar papers by supply 
authorities. Such an organized presentation would have 
prevented too much localized design, as is perhaps 
unavoidable in a single paper. 

Mr. B. C. Bayley: I hope that the various safeguards 
outlined in this paper are receiving careful study from 
supply engineers. 

I should like to stress the necessity on the part of the 
supply authorities of planning their supply systems, 
making use of suitable switching-sectionalization and 
other means, so that the short-circuit current at the con¬ 
sumers' terminals shall not attain values that are uneco¬ 
nomical to the consumer. For it must be appreciated that 
the industrial consumer is being called upon to meet the 
cost of installing expensive equipment in order that he 
may protect himself against a condition over which he has 
no control, and which has, in fact, been forced upon him. 
While it may be argued that the interconnecting grid 
system assures him of an uninterrupted service, this paper 
reveals so many likely sources of trouble which would 
involve interruptions that it is a question whether it 
would not be safer to generate by private plant, instead 
of using this as a standby as we do at present. 

The building of short-circuit testing stations has pro¬ 
vided purchasers of switchgear and other apparatus with 
definite data where only a few years ago reliance had to be 
placed upon guesswork. Thus we are now able to make 
calculations of the conditions prevailing throughout the 
l.t. system and up to the consuming-plant terminals. 

I am inclined to think that the anxiety to ensure that 
switchgear problems are solved rather overshadows cable 
problems, which are deserving of more attention than 
they usually receive. 

The authors’ reference to routine safeguards (page 451) 
stresses the fact that site testing must take second place 
to the more important question of the initial provision of 
insulation, proved by testing in the various stages of 
manufacture. 

Mr. T. Rowland: I note that it is suggested that the 
carrying capacity of cables should be fixed in relation to 
the fault currents they may be called upon to carry; 
but surely the right procedure would be to limit the 
fault current to a value within the safe capacity of 
the cable. 

An ideal system would presumably be one in which the 
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protection was so designed that any fault arising would 
not cause an interruption of supply to any consumer 
other than the one on whose installation the fault 
occurred. The nearest approach to this with which I am 
acquainted is the grid, the protective system of which 
appears to work very well. 

Our works happen to be situated at a junction of three 
areas of the grid, and though a number of faults have 
from time to time occurred, in some cases on the lines 
connected to our substation, the protective system has 
operated, isolating the faulty section with nothing more 
serious than a momentary voltage disturbance. I there¬ 
fore consider that Mr. Bayley need not feel seriously 
perturbed as to the reliability of his supply. 

In regard to routine testing, I should be glad if the 
authors would state whether the power-factor test is 
intended to be applied to cables as well as to individual 
pieces of switchgear, as it seems to me that the incipient 
defective portion of cable would be so small relative to 


the total amount of insulation that it would produce 
little or no effect on the test. 

I note the authors’ use of compressed air to operate the 
circuit-breaker so as to increase the speed of operation, 
and I wish air had also been found to be a suitable 
medium for blowing out the arc. It would be a tre¬ 
mendous advantage if research chemists could produce a 
non-inflammable inert insulating liquid to be used in place 
of oil. The worst switchgear troubles appear to be due 
to the presence of large quantities of oil, which serve to 
feed an incipient fire. 

As regards fire protection, does the C0 2 apparatus 
come up to expectations when it is put to practical use ? 
I should be glad if the authors would give an expression 
of opinion as to the relative merits of C0 2 and ethyl 
bromide for fire-prevention. 

[The authors’ reply to this discussion will be published 
later.] 


DISCUSSION AT A MEETING ARRANGED BY THE CALCUTTA COMMITTEE, 

1 8TH FEBRUARY, 1938 


Mr. M. Datta: To be effective and sound, safeguards 
against interruption of supply should depend not only 
on the efficient design and manufacture of protective 
gear but also upon careful maintenance by the supply 
authorities. Amongst routine safeguards, over-voltage 
routine testing of insulation has been condemned, but the 
importance of power-factor testing at site is emphasized. 
That this is the best single test which will indicate the 
condition of material without over-stressing it has now 
been well established. Difficulties arise, however, in its 
measurement. 

Capacitance due to extraneous objects has been known 
to introduce errors into the measurement, with the result 
that not only are values shown which are too small, but 
also for good insulating material negative values of 
power factor have sometimes been obtained. It is 
therefore not understood how the authors propose to 
obtain accurate results from tests of individual parts of 
insulation unless provision be made to nullify the effect 
of stray capacitances due to their proximity to the test 
object. 

Further, the curve indicating the variation of power 
factor with voltage of a material would be more useful 
than the absolute value of the power factor. It may 


be pointed out in this connection that insulating material 
like porcelain (standard mass) is held in high repute 
for high-voltage operation in spite of its high value of 
power factor and corresponding increased loss with 
temperature (of the order of 3 % per degree C.), since 
the power factor is independent of voltage. So, in 
order that a power-factor test may be of service, either the 
results of periodic tests must be analysed or the effect of 
power factor with increasing voltage must be studied. I 
shall be pleased to know whether my ideas are correct 
• and, if so, to what extent. 

Finally, I should like to state that power-factor 
testing is being systematically applied in the manufac¬ 
ture of high-voltage cables and high-tension switchgear, 
but in the manufacture of porcelain insulators the power- 
factor test is not carried out to that extent. Moreover, 
it is contended by some authorities that with ceramic 
bodies at normal temperature a low dielectric loss 
does not mean a high disruptive strength, so the 
importance of over-voltage tests cannot be ignored 
altogether. 

[The authors' reply to this discussion will be published 
later.] 


DUNDEE SUB-CENTRE, AT DUNDEE, 10TH MARCH, 1938 


Mr. A. A. B. Martin: I would suggest that a true 
perspective of the subject of safeguards must omit no 
aspect, and must therefore give due weight to all those 
miscellaneous troubles which are too diverse to be anti¬ 
cipated , and provided for. These flourish most where 
complicated apparatus is found, and are in a considerable 
measure due to that complication. To suggest that a 
striving to maintain or increase the simplicity of all 
apparatus—where progress can achieve it without loss of 
efficiency—is the remedy, is to name a very indirect 
safeguard, but one which, for a group constituting so 
high a percentage of all troubles, and in view of the 


difficulty of applying any direct safeguard, is still very 
important. 

The general addition of busbar-zone protection would 
probably mean considerably increased complication. 
Can the authors give some idea of the frequency of 
occurrence of (i) dangerous and (ii) minor busbar-zone 
faults; and do they themselves think the time is now 
ripe for the general application of busbar-zone protection 
in this country ? 

They recommend automatic reclosing for circuit- 
breakers controlling overhead lines of voltages other than 
those at which protection is possible by means of arc- 



CLOTHIER, LEESON, AND LEYBURN: SUPPLY INTERRUPTIONS: DISCUSSION 


suppression devices. In this country the higher-voltage 
lines are almost always part of some duplication of the 
•supply system, and consequently there is small risk if one 
line tripped out by a flashover, should have to await 
manual reclosing. Will the authors indicate more 
particularly the circumstances they have m mind whe 
automatic reclosing of circuit-breakers should be 

ad JJr^ T. A. Long: The authors refer to the breaking 
and making capacity of the switchgear in terms of kVA, 
wh=”i I understand that B.S.S. No 116-1937 recent 
mends that switchgear ratings should be based on the 
•currents and that kVA be now used only as a subsidiary 
form of rating. Furthermore, does not B.S.S No. 116- 
1937 recommend that circuit-breakers rated at 10 000 
amperes and above, or 150 mVA, should be power-closed 
from a distance ? The authors seem to favour automatic 
reclosing, but they do not indicate that it is the recom¬ 
mended practice and may soon become obligatory 

It would be interesting also to learn the authors 
experience of the efficacy of Petersen coils as a means o 
protection. - Within my own experience the Petersen coil 
appears to be very effective, but the amount of relevant 
operating experience which has been published is very 

The part of the paper which interests me mostly, 
however, is the use of high-speed arc-gaps as a means 
of protection against lightning surges. Although the 
authors' demonstration was very interesting, I think l 
will be unconvincing to those engineers who have studie 
surge phenomena. The fact that there is no relation 
between the 50-cycle flashover and the surge flashover o 
a needle-gap and a sphere-gap, and that a sphere-g P 
will flash-over under an impulse voltage before aneede 
gap of the same setting, was established by F. W. Peek 
fjun )* as early as 1920. The surge impulse flashover of 
. a line string insulator or transformer bushing does not 

* “ Dielectric Phenomena in High Voltage Engineering.” (McGraw-Hill, 
3rd ed., 1929.) 


follow the same principles, as may easily be seen by a 
comparison of the impulse ratios of different insulators 
and bushings; The results obtained by the demonstra¬ 
tion are those one would naturally expect from the 
known data, but it by no means follows that proper 
line co-ordination on a surge impulse basis could be 
obtained in the way suggested by the authors. 

I notice that they dismiss the effectiveness of the surge 
absorber in a few casual sentences, which do it consider¬ 
ably less than justice. 

Mr I. D. Campbell: Before busbar protection 
becomes as commonly accepted as feeder protection we 
should consider why it is necessary. The busbar zone 
exists in the relatively safe and uniform conditions of the 
switch house, and if 100 % reliability is not obtainable 
the materials and methods of insulation must be largely 
to blame. I would suggest that there is commonly too 
small a margin of safety below the limit of proportiona i y , 
of dielectric loss. Experience also shows that a large 
proportion of such insulation failures as do occur m 
switchgear are due to the extensive use, or misuse, of 
synthetic resin laminated-paper products. Can the 
authors suggest a satisfactory way of specifying an 

acceptance test of dielectric loss ? . •. 

If we must have busbar zone protection, it seems 
incredible that reliability is to be found in the balancing 
together of a multitude of current transformers. I he 
frame fault-current is a good starting-point, but by itselt 
may lead to false operation. It is reasonably certain 
that a frame fault-current will return via the neutral 
earth connection, and in stations where the neutral eart i- 
ing arrangements are simple these two currents mig 
be made to co-operate. 

The relay in Fig. 6 seems to“have much to recommend 
it and I should be interested to know to what extent it 
is in actual use. 

[The authors' reply to this discussion will he published 
later.] 




DISCUSSION ON 

‘‘MODERN FACTORS AFFECTING ELECTRICITY COSTS 

AND CHARGES ”* 

EAST MIDLAND SUB-CENTRE, AT NOTTINGHAM, 26th OCTOBER, 1937 


Mr. J. P. Tucker: I am relieved to find that the 
•electricity costs and charges at Loughborough are much 
lower than the averages given in the paper for Lough¬ 
borough’s grouping, and in fact better than the figures 
for most of the undertakings falling in the larger groups. 
This is indicated by the figures for Loughborough given 
in Table L (the column numbers refer to the author’s 
Table 2). 


Table L 


Years 

ended 

31st 

March 

Columns 

7 

8 

9 

10 


pence 

pence 

units 

£ 

1934 

1*05 

1-16 

1 182 

5-2 

1935 

113 

1-08 

1 078 

5-1 

1936 

1*16 

0-96 

1 101 

5-4 

1937 

1*18 

0-956 

1 088 

5-3 


When I first read tile paper I thought it was pessimistic 
and that it almost charged the industry with decadence. 
But I recollected that the industry had in 1936 attained 
the greatest increase of output ever recorded, and I found 
evidence that on a world basis our progress was quite 
double the average. On reading the paper a second time 
I concluded that it had been produced to prevent our 
becoming complacent. 

A dominant theme in the paper is that industrial load 
is being subsidized by domestic load, and while this may 
be true the author does not produce an unchallengeable 
proof. In the specific case of Loughborough, domestic 
load certainly does not subsidize industrial load, as can be 
proved from the figures quoted in Table L. The author 
must surely agree that the distribution, office, mains, 
maintenance, and accountancy costs are lower for 
industrial consumers. 

I am not convinced that the load factor of the total 
domestic demand is in the future going to compare 
favourably with the industrial load factor, unless there is 
a big reduction in working hours. 

We must admit that many tariffs would appear un¬ 
sound when considered on a " producing and selling ” 
basis (if such is possible). But is it not just as true to say 
they are sound on the principle that we charge what we 
can get ? We can get 4d. per unit and more for a large 
percentage of our lighting load, but little water-heating 
can be obtained where electricity exceeds |d. per unit. It 

* Paper by Mr. J. A, Sumner (see vol. 81, p. 429). 

[ 


is a question of getting what we can, provided we don’t 
lose money on the transaction. 

I should like to argue against the “ fixed-consumer- 
charge ” method advocated by the author. It is quite as 
unsound as many of the other tariffs already in successful 
operation and, unlike the established forms of tariffs, it 
is void of equity. Why should the same fixed charge 
apply to an artisan’s home where there are many con¬ 
sumers to each 100 yards of distribution as to the large 
house in a “ residential ” district where distribution costs 
per consumer are much greater—sometimes in the ratio 
of 6 : 1 ? If the scale in Table 15 were applied to Lough¬ 
borough almost every domestic consumer would pay 
more, and Table 16 makes the case for the Loughborough 
consumers even worse. 

In my opinion “ units per £ of distribution capital ” 
means nothing. Surely it is the “ active ” capital which 
matters. The carrying-forward of capital already repaid 
must—as the years go by—show an increasingly depres¬ 
sing but untruthful picture. 

That the average figure of units per consumer for the 
whole of this country is decreasing, is abundantly proved 
in the paper. The figure for Loughborough is also 
diminishing but in a less degree, and I have sufficient 
optimism to think that an upward trend is coming. 

While I agree that a paper of this nature can only be 
useful if it is comprehensive, I think that groups of the 
most progressive undertakings should have been selected 
in addition, in order to show what can be done. To 
avoid the charge of invidious selection, the names of the 
selected undertakings could have been withheld. 

Items 1 and 2 in Table 4 are difficult to understand, 
and in any case a consumption of 900 units per annum for 
a fully equipped house seems absurdly low: in Lough¬ 
borough we have many prepayment consumers using 
over 3 000 units per annum. 

Mr. M. Wadeson: The author’s main point is that 
with increasing numbers of domestic consumers there has 
been a decline in average consumption. He gives as a 
primary reason for this the connection during recent 
years of large numbers of the smaller class of houses. 
It is agreed generally that this class of consumer has a 
small consumption only at the outset, but I can find no 
evidence that he will not subsequently increase his annual 
consumption. 

Of the 6*6 million domestic consumers quoted for 
1935-36 in col. 9 of Table 1, I find that less than 10 % 
have cookers, only 2*9% have water-heaters, and under 
2 % wash-boilers. From these figures it must be con¬ 
cluded that the use of electricity in private houses for 

33] 
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purposes other than lighting is confined to a narrow 
section of the whole population. The middle classes 
generally have not replaced any of their existing heating 
and cooking appliances. Under these circumstances, if 
an increase in consumption is to be obtained, we must 
encourage those people who have not yet considered the 
use of electricity for these purposes to adopt electrical 
appliances when they replace their existing apparatus. 

I do not agree with the author that the present two- 
part tariffs for private houses are too scientific. I find 
that the two-part tariffs most generally in use, in which 
the standing charge is based on rateable value or floor 
area, are by no means scientific but purely rule-of-thumb. 

Since the largest part of domestic supplies are lighting 
units, supplied at a comparatively high flat-rate charge, 
it can be legitimately claimed that they subsidize to some 
extent the power tariffs. 

In increasing the consumption of the smaller class of 
consumer, apart from, the question of a standard tariff 
there is the greater difficulty of collecting the annual sum 
for a full supply of electricity. This class of consumer 
is accustomed to pay on a weekly basis, and without 
some special means for the weekly collection of the fixed 
charge I cannot see how these customers are to be given 
the advantage of the low unit rate. 

Mr. S. C. Ginno: I am surprised to find that, accord¬ 
ing to the author’s statement, relatively little progress 
has been made, especially in the domestic application of 
electricity. I do not think that recognition is given in the 
paper to the extensive development which has taken place 
in the areas of progressive undertakings. The results of 
this may be found in the growth of assisted wiring, which, 
whilst it has the effect of increasing the number of con¬ 
sumers, also lowers appreciably the number of units used 
per domestic consumer. In Leicester, the effect of con¬ 
necting some 17 000 assisted-wiring consumers was to 
reduce the units per domestic consumer from 826 in 1931 
to 630 in 1934: the present-day figure is of the order of 
1 000. Such development cannot be termed unprogres¬ 
sive, although the figures seem to indicate such a state 
of affairs. Assisted-wiring development does not begin 
to make itself felt until the installation has been paid for, 
when the consumer will, if satisfied, commence to use the 
supply for purposes other than lighting. The net result 
is that consumption figures are misleading during a 
period of development, and can only be reviewed in their 
true perspective upon completion of such work. 

The second point I should like to make concerns 
intensive development, or how to increase the units taken 
by a given consumer or installation. This is the most 
difficult of our tasks and one which will test the ability 
of our sales staffs, irrespective of the price per unit. 
Development having in the past year reached a point 
wit hin 10 % of the maximum possible (with most supply 
undertakings), we should now begin to see a steady 
increase in the units used per consumer. Such an 
increase is noticeable in Leicester and, I expect, also in 
other towns. 

A great deal still remains to be done, however, in 
providing more efficient sales staffs; the removal either 

y hire or by hire-purchase of that retarding in¬ 
fluence, high-cost apparatus; and lastly, prompt and 
alive service. 


Contrary to the opinion of the author, I am sure that 
uniformity of tariffs, by itself, will not produce progress. 

The form of tariff, or method of charging, is actually of 
little interest to the consumer, who is more concerned 
with the total cost of the service provided. Progressive 
development can only result from good management and 
successful selling. 

Mr. T. Rowland: With reference to Table 7 and the 
suggestion that power users have been subsidized by the 
domestic consumers, this is a very popular cry in certain 
districts. The author appears to have fallen into the 
error of assuming - that the average power user is an 
average consumer, i.e. average as to number of units 
consumed, load factor, etc.; he also seems to me to have 
over-estimated the number of power users. 

The undertaking with which I am connected has 113 
power consumers out of a total of 12 460, representing 
rather under 1 ®/q of the total number of consumers, and 
not 13 % to 18 % as indicated in Table 1. Further, in 
our case the 113 power consumers take over 26 million 
units out of a total of 37-64 million units taken by the 
whole 12 460 consumers, the average consumption of a 
power user being over 230 000 units per annum as com¬ 
pared with the average for all other consumers of 926 units 
per annum. I therefore fail to see how the author can 
justifiably assume that the average power user is an 
average consumer as to size, load factor, etc. It seems 
that the argument, based on Table 7, that power users 
as a class are being subsidized by the domestic consumers, 
is erected on insecure and unreliable foundations. 

Turning to page 461, we see that under the suggested 
new tariff each power consumer would have to pay a 
fixed annual charge of £24-4, which is a very small sum 
for an average consumer with a consumption of the order 
of a quarter of a million units per annum, and a quite 
negligible one for the large consumer taking, say, 16 mil¬ 
lion units per annum. If this tariff were adopted for our 
undertaking there would be a very large reduction in 
income, as both the power and the domestic users would 
get a large reduction in the price of energy and the under¬ 
taking would be run at a considerable loss. 

Referring to domestic consumption, the author states 
that where the price is high the consumption is low, and 
vice versa, but I think it is rather erroneous to assume 
• that this is always the case. If the tariff is rightly drawn 
up, then where the consumption is low the all-in price 
per unit will be high, and likewise where the consumption 
is high the price will be low. 

I am interested in the figure given for the consumption 
in the author’s house—13 000 units per annum. X 
estimate that in our area the price would average out at 
0-66d. per unit. As a comparison I would mention a 
consumer of ours who uses just under 20 000 units pear 
annum, in a house with a rateable value of £68 per annum, 
the all-in average price per unit being 0-564d. A con¬ 
sumer with a somewhat larger house, using 10 700 units 
per annum, pays an all-in price of 0-66d. per unit, a 
smaller one, consuming 7 050 units per annum, 0*581d. ; 
and a still smaller one, in a working-class district, with a 
consumption of 2 800 units per annum, an all-in price of 
0 • 683d. per unit. The tariff adopted by these consumers 
is available for all domestic users, yet the average con¬ 
sumption of domestic users for the past year was only 
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630 units and the average price 1 • 592d. per unit. The 
author would presumably say that the consumption is 
low because the price is high, but the above examples 
show that this is not the explanation. 

I feel that the cost of the installation of apparatus is 
the obstacle that has to be overcome. The man who 
rents a house finds that it is equipped—in some fashion, 
at any rate—with all the essential accessories to meet his 
needs. There will be a cooking range of some kind, a 
domestic hot-water supply, a fire grate or two, and, 
almost certainly, electric light. To obtain increased 
consumption we have to induce him to incur the outlay 
for electrical apparatus to displace his existing appliances, 
and the process will naturally take some time. I think, 
however, that the instances I have quoted show that an 
annual consumption of 2 000 units per consumer is a very 
reasonable figure to expect from domestic consumers. 

Mr. A. Brookes: The author states that the cost of 
distribution will at least be maintained and will very 
probably increase over the next few years. This is very 
doubtful, because the question of the increase in material 
costs will only have a limited influence and, in my 
opinion, the question will be swayed by the distribution 
density. During the last few years the tendency has been 
for towns to extend outwards away from the centre of 
generation. This trend will reach a limit, and since the 
new houses are mainly of the type that give us a lighting 
load only, with relatively small possibility of expansion 
per householder, then as distribution cables are com¬ 
pleted there will more probably be an increase in loads 
taken nearer the generation centre, as cooking loads are 
more general here. This factor will have a marked 
influence on distribution costs. 

Mr. B. C. Bayley ( communicated ): The author suggests 
that the cost of generation must increase with the rising 


cost of coal, and that distribution costs in the near future 
may rise owing to the higher cost of copper, although this 
may be neutralized by increased density of load. These 
factors point towards the probability that the consumer 
will have to foot the bill. 

It is also suggested by the author that the domestic 
consumer subsidizes the industrial power consumer. 
This may be true in some cases, for the supply authority 
is compelled to consider, in arriving at the tariff, what are 
the conditions under which the consumer can generate 
with private plant. Take the case of an engineer to a 
large industrial organization which owns a stand-by 
Diesel generating plant and is faced with large exten¬ 
sions. It is for him to find out whether the supply 
authority can provide the energy required as cheaply as 
he can generate it. It is admitted that Diesel oil-engine 
plant is the most economical form of generation in com¬ 
paratively small stations, as generating costs are well 
below Id. per unit. - There is, however, another factor in 
favour of private plant, and that is that it involves much 
less outlay on the consumer’s e.h.t. and l.t. distribution 
switchgear than if he takes a supply from the authority. 
Now that the large supply undertakings are intercon¬ 
nected with the grid, and the capacity of the stations has 
enormously increased, it is necessary to install switchgear 
of sufficiently high rupturing-capacity to handle safely 
the heavy short-circuit currents which are inseparable 
from such large systems of supply. These considerations 
tend to keep the charge for electricity for industrial 
power at an economical figure. How will this figure 
compare with the supply authorities’ actual total cost 
of generation and distribution ? 

[The author’s reply to this discussion will be found on 
page 510.] 


NORTH-WESTERN CENTRE, AT MANCHESTER, 2ND NOVEMBER, 1937 


Mr. O. Howarth: The author appears to contend that 
if the price is low enough, domestic consumption will rise 
above the average of 2 000 units per consumer per annum, 
and he sets out to show this is so by his collection of data* 

On page 444, referring to Table 9, he says “ the slight 
increase in the total cost of distribution in 1925-26 is 
associated with a reduction in the units sold per £ for 
1925-26 and 1926-27; a similar increase in 1930-32 
resulted in a corresponding decrease. . . The in¬ 
creases are, however, so small that I do not think he is 
justified in his conclusions. The capital charges alone 
amount to more than 50 % of the total cost of distribu¬ 
tion, and in these circumstances it is inevitable that the 
units sold per £ of distribution cost will go down. 

I should like the author to explain Table 7. In 
cols. 5 and 6 he gives the surplus expressed as a contribu¬ 
tion to the total cost of distribution—in col. 5 by power 
supplies and in col. 6 by domestic supplies. Adding 
them for 1934-35, they total 91 %. Who pays the 
other 9 % ? The accuracy of his data depends upon 
having a uniform basis on which the figures are supplied 
by the various undertakers, and anyone who has had 
experience of the collection of such information by supply 
undertakings will not be prepared to attach much weight 
to small variations in them. For example, for each 


cooker installed some undertakers add 6 kW to the 
" kilowatts connected ” figure and others 1 lcW. 

The author does not accurately segregate the costs for 
domestic and power supplies. Probably most power con¬ 
sumers in this country are fed from the high-voltage 
system and have their own substations, whereas the 
domestic consumers are fed from the low-voltage net¬ 
work. He mentions the paper by Messrs. Woodward and 
Carne* in which it is clearly shown that the cost of 
supply per kilowatt of demand on the low-voltage sys¬ 
tem, making due allowance for the time at which the 
demand occurs—i.e. the consumer diversity—is con¬ 
siderably greater, owing to the cost of providing the 
low-voltage network, than the cost per kilowatt of 
supplying a high-voltage consumer. Quite a large pro¬ 
portion of the capital expenditure necessary to supply a 
domestic consumer is incurred on the low-voltage net¬ 
work, and it therefore does not seem reasonable to take 
the whole of the supply industry in this country and 
lump the costs of the high- and low-voltage networks 
together, as the author has done. It is like mixing 
wholesale and retail figures for any particular business. 

Fig. 6 shows that whilst the percentage of capital 
invested in generation has gone down, the percentage of 

* Journal I.E.E., 1932, vol. 71, p. 852. 
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capital invested in distribution has gone up. I should 
like to know whether the C.E.B. system is treated as a 
generation or as a distribution charge in this paper. 
Part of the distribution increase is the result of spending 
money in order to improve the efficiency of generation by 
building larger power stations more remote from the load, 
and transmitting to the area of supply. Obviously, 
money has been put into distribution in order to save 
a greater sum on generation. 

The author shows by his curves that most domestic 
units are sold where the price is lowest. I suggest that 
as the great majority of consumers have a 2-part tariff 
available the fact of the matter is that the price is lower 
because more is used. 

Table 5 shows that the load factors of domestic 
supplies are quite good and that rather better figures are 
obtained in industrial areas. The upper part of the 
Table relates to six areas where there is little industrial 
power, the lower to six industrial areas. I do not think 
that any useful conclusions can be drawn from a com¬ 
parison of the figures for the wealthy stockbrokers of 
Wimbledon with those for the colliers of Wigan. I have 
looked up the figures for these towns and find that 
Wimbledon manages to achieve an average sale of 1 270 
units per consumer, and Wigan 563. There is a greater 
proportion of small houses in Wigan, and the average 
income is probably considerably less than in Wimbledon; 
this must have considerable influence upon the average 
consumption. The author does not mention that the 
price of electricity is only one factor in determining 
people’s use of it in their homes: another factor is the 
cost of appliances. For instance, the cost of an electric 
cooker is at least equal to the cost of the units it consumes 
at -|d. per unit. If we are to get a considerably increased 
use of electricity amongst domestic consumers, we must 
have much cheaper apparatus available. 

On page 438 the author mentions the E.D.A. finding 
that the small householder pays between 2s. 6d. and 
3s. 6d. per week for lighting and heating by means other 
than electricity, equivalent to 1 560 units per year at Id. 
per unit, or an annual sum of £6 10s. This figure, how¬ 
ever, would not include a hot-water supply, and in this 
area it is customary in all houses built to-day to put in 
hot-water services worked from the coal fires. 

I have taken the figures for two or three undertakings 
in this area and worked out the average cost per unit for 
houses using up to 12 000 units a year. The plotted 
points lie on or slightly below the curve given in Fig. 3; 
thus one might expect the annual domestic consumption 
in this area to average 12 000 units, but it does not. 

On page 440 the author says “ industries follow cheap 
electric power, often without regard to other features 
which may ultimately have an equal influence upon their 
cost of manufacture. ’ ’ Why is it that industry is moving 
to the London area where power is dearer than in Lanca¬ 
shire, and labour is dear and scarce ? I suggest that it is 
because business men are influenced by fashion. No 
doubt it is quite useful to achieve uniformity, but I 
think it is more useful for the supply industry to concen¬ 
trate on cheap domestic appliances and enable full use to 
be made of the already-available cheap domestic power. 

Mr. W. E, Swale : The electricity supply industry of 
this country has made remarkable progress under con¬ 


ditions of relative freedom. Three out of every five 
homes are already wired, and the power requirements of 
industry can in most instances be adequately met with a 
public supply. The more cautious among us are inclined 
to leave well alone. We trust to an increasing apprecia¬ 
tion of the ideal of public service to remove, gradually, 
the obvious imperfections of a system which has tended 
to combine the best features of public and private control. 
Nevertheless, in view of pending legislation, we must try 
to clarify our views on the matters which the author 
presents in his paper. 

The Electricity Commissioners’ returns are, at present, 
the only official source of data available; has the author 
appreciated what serious errors the use of these returns 
has involved ? In checking over the results of the 
Manchester undertaking with the appropriate columns 
in Tables 1 and 2 of the paper, I find that Manchester 
follows the national trend very closely. But, turning to 
Fig. 1, I see a misrepresentation of fact which seriously 
invalidates a good proportion of the author’s subsequent 
argument, not necessarily in the value “ consumption per 
consumer ” but in the average price per unit obtained 
from the “ domestic " consumer. The Commissioners’ 
returns are in this respect misleading, because they 
include under one heading (“ lighting and domestic ”) all 
the small offices, shops, professional residences, etc., 
where the bulk of the consumption is taken at the high 
flat rates for lighting. In Manchester in 1936-37 the 
consumer classification was as follows:— 


Private residences . . .. 120 428 

Professional residences .. .. 632 

Shops and offices, and warehouses 27 939 
Power users .. .. .. 4 829 


153 828 


j (79 %) 

J (18%) 
(3 %) 


If, as the author has done, we group 97 % of the con¬ 
sumers together, we find an average consumption per 
annum of 825 units (approximating very closely to the 
national average) and an average revenue of 1 • 992d. per 
unit. But this latter figure is more than twice the 
revenue actually obtained from the purely domestic con¬ 
sumer. If the Electricity Commissioners could be per¬ 
suaded to publish, in future returns, the figures for 
domestic consumers alone, the author would be able to 
present one of his arguments in truer perspective. 

The decrease in consumption of the pure domestic 
consumer, and particularly of the “ all-in ” consumer, is. 
of course a characteristic of recent development in many 
parts of the country. But I consider that the author 
attaches undue importance to the price-per-unit factor 
alone, and overrates the “ elasticity ” of the demand, or 
the " value ” of electricity to the consumer in relation to 
other desirable commodities or services. Many domestic 
consumers choose to spend their money on motor-cars, 
radio sets, cosmetics, or even electric refrigerators (the 
latter distinctly less desirable from our point of view than 
a combination of cooker, wash-boiler, and water-heater, 
which can be hired at about one-third the quarterly 
charge); but if they become ‘ ■ hard up ’ ’ for such reasons 
I do not conceive it the business of the electricity supply 
authority to cut its prices in order to be'directly com¬ 
petitive with .the cheapest of the alternative services. 
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In most parts of Lancashire there is already such a 
uniformity in methods of charge for domestic supplies 
that I attach little importance to the author’s reason 
No. 3 as a factor in retarding development. 

Coming now to his second main argument, that present 
power charges are too low, I am much more nearly in 
agreement with him, though I suggest that his findings 
are subject to many qualifications. Thus his generaliza¬ 
tion (page 440) that “ industries follow cheap electric 
power ” is, except in very exceptional circumstances, in¬ 
correct. Lancashire, on the average, has lower power 
charges than any other area in the country. Yet new 
industries have congregated around London, where power 
charges are generally far higher, and new load has been 
lost to private plant. 

Table 5, illustrating the high load factor of the domestic 
load, is a very good point with which to support the 
author’s argument, but he does not mention one im¬ 
portant distinction between the power load and the 
domestic load. With the former, the undertaking’s 
responsibilities end at the meters 1 It is beyond the 
meters, with the domestic consumer, that our real 
responsibilities begin. The cost of supplying the 
domestic consumer is therefore appreciably higher than 
a plain generation-cum-distribution analysis reveals. 

I am in complete agreement with the view that tariffs 
for small power users are unjustifiably low, and I should 
welcome any move to check still further reductions. But 
as regards large power users, a class which in industrial 
areas may represent up to 50 % of the total load, the 
issue is not quite so clear-cut as the author would have 
us believe. He has, as I know, wide experience in 
analysing the costs of private power generation; yet he 
admits that there may be “ special cases ” where his 
generalizations do not hold good. I suggest that had he 
been stationed for any length of time in the home of the 
steam engine (and to some extent of the steam turbine), 
and had he had an intimate experience of the early diffi¬ 
culties of our supply undertakings, or of the conditions 
prevailing in cotton mills, woollen mills, chemical works, 
and collieries of this area, he would not have been so 
dogmatic regarding the price at which new power load 
can be obtained, or existing load retained. The state¬ 
ment on page 440 regarding the “ policy of bargaining 
with an undertaking for lower prices ” may be open to 
misunderstanding. If the author intends to convey the 
impression that such bargaining achieves its object to 
any appreciable extent I think he does less than justice to 
the business acumen of electricity supply executives. 

I should particularly like to have his opinion regarding 
the value of the industrial electric heating load, which 
he does not mention, but which is now being developed 
to quite an appreciable aggregate. On the average, the 
marginal value of electric heating in industry is lower 
than in the household, a fact our competitors appreciate 
fully. Does the author think we should neglect the 
greater part of this potential load; or should we make use 
of it, to the fullest extent, in increasing the diversity of 
the power load ? Substantial progress in this direction is 
only being made in areas enjoying cheap power tariffs. 

The author’s suggestion for a national domestic tariff 
based on an averaged (not necessarily uniform) " con¬ 
sumer charge” is certainly bold, and might overcome 


many of our minor difficulties. He makes a strong case 
for the economic justification of his scheme, but I suggest 
that there are many facts which he has not ascertained' 
and many factors which he has not assessed correctly. 
The North-West England and North Wales Area of the- 
C.E.B. would form an ideal territory for further detailed' 
investigation. It contains a huge population, every type 
of load, and every stage of electrical development. 

Mr. L. Romero: In Table 1 the author classes as 
domestic consumers all except industrial power con¬ 
sumers, and as domestic units all units sold for lighting, 
heating, and cooking (including an unknown quantity of 
units sold to industrial power consumers for lighting and 
heating), and also all units sold to shops, offices, hotels, 
theatres, public buildings, etc. That is to say, the whole- 
basis of his statistics is inaccurate to an unknown, but 
certainly very large, extent. This is particularly true of 
the figures for average revenue per unit sold, as the in¬ 
clusion of non-domestic lighting units must have the- 
effect of making these figures much higher than they 
would be for domestic supplies alone. 

The figures given in col. 10 of Table 1, purporting to 
show the average domestic consumption per consumer 
per annum for a number of years, are most inaccurate as 
they are arrived at by dividing the units sold to all con¬ 
sumers for everything except industrial power by the 
number of purely domestic consumers. This procedure- 
gives results which may easily be 100 % above the true 
average domestic consumption: a similar criticism applies, 
to Table 2. In cols. 7 and 9 of Table 2 the contradictions, 
of the author’s law that sales vary inversely as the 
average revenue obtained per unit are so many and so* 
considerable as to require some explanation. I do not 
know why the consumers in Group 17 should consume 
on the average 991 units per annum at 2-Id. per unit: 
while the consumers in Group 18 only consume 868 units,, 
although their price is 10% lower, i.e. l*9d.; but I 
suspect that it is because Group 18 contains a larger 
percentage of industrial towns, and therefore of con¬ 
sumers of the poorest class. Another cause contributing 
to these discrepancies is the inclusion in the domestic- 
figures of all units except industrial power. The author’s, 
arbitrary division of total consumers into 90 % domestic 
and 10 % power for undertakings over 5 million units- 
seems to me very far from the mark. In Salford, an 
industrial city, the percentages are about 1^ % industrial 
power and 98§ % other consumers. 

The author seems to think that domestic consumers 
(the great majority of whom are poor) are merely waiting 
for an attractive tariff to make them use thousands of 
units per annum. Attractive domestic tariffs as low as, 
or lower than, that suggested by the author are already 
in operation in a large number of undertakings in this 
country. Under these tariffs any domestic consumer can 
obtain his whole supply at about 0-6d. per unit merely 
by cooking his food and heating his water by electricity 
and/or by making some use of electric fires. It will be 
seen, therefore, that a very low price is available for a 
large proportion of the population of this country. 

The reason why the average consumption per domestic 
consumer has gone down during the past 5 years is of 
course that consumers of the poorest class, whose actual 
and potential consumptions are very much lower than 
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those of the comfortable classes, have been connected in 
enormous numbers during that time. The building-up 
of a high average consumption by the poor consumer will 
take time, and all the inducements—in the way of low 
tariffs and hiring facilities—which we can offer. 

In Salford 96 % of our domestic consumers are on 
the all-in tariff. During the past 6 years the number 
of domestic consumers has increased from approxi¬ 
mately 13 000 to 39 000, and their annual consumption 
from 8-9 to 24-7 million units. This means a small 
decrease in average consumption per domestic con¬ 
sumer, from 685 to 633 units. During the previous 
5 years, when we were connecting relatively few con¬ 
sumers of the poorest classes, the number of domestic 
consumers increased from approximately 6 500 to 13 000, 
and their annual consumption from 2-5 millions to 8*9 
millions, showing an increase in the average consumption 
from 385 to 685 units per consumer. During the im¬ 
mediate past 5 years the average consumption of all 
classes of domestic consumers has continued to increase 
steadily, and the only reason why the average domestic 
consumption as a whole has decreased from 685 to 633 
units is that the ratio of low-income to comfortable- 
income consumers has enormously increased. 

On page 444 the author recommends as the final goal a 
national 2-part tariff with a fixed annual charge common 
to and equal for all consumers, with no regard for the 
nature or amount of their demand, and also, I gather, a 
universal unit charge of about |d. This proposal ignores 
completely all the factors producing differences in the 
cost of supply between one consumer and another except 
number of units. It ignores completely the difference in 
standing cost between supplying a consumer with a 
maximum demand of 2 000 kW and a consumer with a 
maximum demand of 1 kW. It also completely ignores 
load factor and the time at which a supply is used in 
relation to peak load. If an attempt were made to 
introduce such a tariff the effect on electrical develop¬ 
ment would be disastrous. 

I am surprised to see in Fig. 1 that the undertaking 
with the lowest price (just over Id. per unit) has the 
average annual consumption per domestic consumer of 
about 400 units, whereas the undertaking with the largest 
average consumption per consumer, nearly 3 000, sells 
at an average price of 2 • 35d. What are we to make of 
statistics such as these ? 

On page 431 the author gives figures for changes in the 
number of domestic consumers and in average con¬ 
sumption for a large undertaking over the last 10 years. 
I do not think these figures can be taken as typical, 
because I find that during the same period the number of 
domestic consumers in Salford has increased by 500 % 
and the average consumption per consumer by 64 %, as 
against the 30 % decrease given by the author. 

Mr. S. R. Mellonie: Referring to Table 1, the increase 
in domestic units shown in col. 2 represents no less than 
320 % in something under 10 years; in these circum¬ 
stances there is no justification for the author’s rather 
doleful view of the progress made. As a measure of 
efficiency, the figure of units sold per £ of capital invested 
in distribution is open to several objections. In the 
first place, it invites inquiries as to the nature of the 
service rendered; for example, if the regulation is poor, 


difficulty may be expected in the development of cooking 
load. Another factor is that inadequate stand-by plant 
will involve interruptions to the supply for maintenance 
work. The point I desire to make is this: an under¬ 
taking for which the units sold per £ of distribution 
capital are well below the maximum figure can yet be 
rendering a better service to its consumers than the 
*• most efficient ” judged by such a yardstick. 

Mr. C. C. Kirby: Cheaper electricity is not sufficient 
to ensure increasing sales, and I say that particularly 
because I have in mind an undertaking where there is a 
remarkable output of cookers, and yet the average price 
charged per unit is higher than that obtaining in many 
undertakings in Lancashire. 

I have obtained certain figures for the undertaking 
for which I am responsible, on a similar basis to those 
contained in the paper. I have chosen the-5-year period 
from 1933 to 1937 in order to obtain a fair idea of the 
trend of future development. I find that the units sold 
per £ of distribution capital have risen from 14*5 in 
1933 to 28-1 for 1937, and the units sold for domestic 
purposes per consumer have increased from 740 to 1 120. 
During the same period the average price obtained per 
unit has dropped from 3*44d. to l-91d. 

Mr. A. W. Crompton: The price chargeable for rail¬ 
way supplies has to be determined in accordance with 
the Electricity (Supply) Act, 1926 (Section 12), as 
amended by the Act of 1935 (Section 3) on the basis of 
cost to the undertaking concerned, but it is questionable 
whether if the same principle were applied to tariffs for 
domestic supplies there would be any appreciable re¬ 
duction in the charges to domestic consumers in this 
area. The tariffs charged by an undertaking are revised 
from time to time by having regard to the existing and 
prospective revenue from the various types of consumers 
and to considerations of future capital outlay and annual 
charges; but if, as the author suggests, an overriding 
authority is to have statutory powers to decide what 
tariff shall be charged for domestic supplies such pro¬ 
cedure may have the effect of retarding rather than 
accelerating development. 

Mr. W. Fennell: The policy of the uniform tariff for 
domestic purposes might easily be disastrous to the 
electricity supply industry so far as its domestic con¬ 
sumers are concerned. The uniform price would obvi¬ 
ously in some places be above and in others below the 
value of competing services. At present, if an area is of 
moderate size, and a certain desired type of load cannot 
be obtained or retained on the existing tariff, one can 
easily alter the tariff. With a very large area, however, 
this policy would involve a reduction over an unneces¬ 
sarily large number of consumers, to the detriment of 
revenue. Alternatively, the non-competitive price would 
be maintained and business lost to the competitive service. 
Let me illustrate my point by explaining what happened 
in a town where the local authority of which I was 
engineer supplied electricity, but the neighbouring 
(Birmingham) Corporation supplied gas. The Birming¬ 
ham Gas Department were before the War supplying 
high-pressure gas lamps in certain streets in that city at 
a uniform charge of £5 per annum per lamp, including 
gas, cleaning, and maintenance. Our electricity con¬ 
sumers had to use three or four arc lamps in series to 
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obtain reasonable economy, but small shops did not 
want more than one lamp. One day I found that the 
Birmingham Gas Department were laying high-pressure 
gas mains down the principal streets of the town and 
were beginning to get orders locally at £5 per annum per 
lamp. To meet this serious competition we laid immedi¬ 
ately a 3-wire 100-volt d.c. main in the shopping streets 
and offered one or more magazine arc lamps, which 
would burn 60 or 70 hours with one trimming, at £4 17s. 6d. 
per lamp, including cleaning. In a very short time we 
had 40 such lamps installed, and the Birmingham 


Corporation had 5 lamps only! The reason for our success 
was that the Birmingham Corporation could not come 
down to £4 17s. 6d. in our area without upsetting 
hundreds of consumers in their own city. 

It is obvious that the “ idea ” of a uniform price for 
electricity over a very large area should be dropped, so 
long as our competitors have small and isolated areas, 
and could use that fact to defeat us in detail. 

[The author’s reply to this discussion will be found on 
page 510.] 


WESTERN CENTRE, AT BRISTOL, 8TH NOVEMBER, 1937 


Mr. J. Fradsall Smith: The author assumes a 
constant or even declining consumption per domestic 
consumer and deduces that something is wrong with 
electricity distribution in this country. As a con¬ 
tributory cause to this state of affairs he brings forward 
the obvious inference that charges for domestic electrical 
energy are too high and charges for industrial power are 
artificially low at the expense of domestic power. 
Tables 1 and 2 of the paper are, however, equally capable 
of the interpretation that industrial power supply has 
assisted domestic supply, and it is significant that accord¬ 
ing to Table 2 the large undertakings with the greater 
proportion of power obtain the lowest revenue for 
domestic units. 

A constant or even declining domestic consumption per 
consumer can be equally evidence of healthy develop¬ 
ment, implying that electricity undertakings are not con¬ 
fining their attention to the more remunerative and more 
easily serviced portions of their territory; but have 
extended their mains and facilities so as to give supply 
to an increasing number of consumers whose capacity 
for consuming electricity is less than that of the con¬ 
sumers formerly served. 

It is precisely in the period covered by Table 1 that 
public attention has been focused on electricity supply 
matters, and it is probably true that, as a result of the 
interest which has been aroused, electricity distribution 
authorities now operate with enthusiasm for develop¬ 
ment, instead of complacency. 

Mr. G. H. Bowden : An important factor in connec¬ 
tion with the management of a supply undertaking is the 
influence of price variations, which are under the control 
of market conditions and manufacturers’ salesmanship. 
Many undertakings are to-day labouring under the heavy 
yolk of capital expenditure incurred at an inopportune 
time, and many engineers are striving to equal the results 
obtained by others where extensions have been clearly 
foreseen and provided in advance. 

The author’s comparison of domestic tariffs with power 
tariffs seems to me to be incorrectly based. Electricity has 
now become a utility which is part of the national life, and 
domestic and industrial use are becoming increasingly 
interdependent; tariffs should be considered on these 
lines. 

Load-factor improvement in both domestic and in¬ 
dustrial supply is the direction in which there is most hope 
of development. It is possible that transport limitations, 
as exemplified by recent efforts in the London area in 
Vol. 82. 


regard to the " staggering ” of working hours, may result 
in benefit to the supply industry. 

The form of tariff for domestic supply should be 
standardized, and development work should emphasize 
this factor as an aid to the public’s more ready acceptance 
of the two-part tariff. In, the case of industrial loads 
of large magnitude the two-part tariff with power- 
factor clauses is the best, but business should not 
be lost through insistence on the undertaking’s own par¬ 
ticular method of charging, because an equally satis¬ 
factory financial return can be obtained from sales upon 
a stepped-unit-rate basis at the right price per unit. 

The present tendency towards decentralization of 
industry suggests the need for a form of clearing house 
in regard to supply quotations. Cases concerning Fringe 
Orders draw attention to this need, and the author 
emphasizes it by his reference to the case of a water 
company seeking competitive quotations from neigh¬ 
bouring power companies. 

Mr. W. Roberts : I scarcely think that the author is 
justified in expecting that anyone with a consumption 
of 600 units would obtain a financial advantage by 
changing over to a two-part tariff. In this district a 
larger consumption is called for before the change 
warrants consideration. 

I am surprised that the average consumption by all 
users is still in the neighbourhood of 800 units per annum. 
The cost of distribution per consumer is more likely to be 
lowered by inducing existing consumers to use more 
electricity than by laying out capital on new connec¬ 
tions. In my own house, where hot water is obtained 
entirely from an electric heater, the consumption is 4 000 
units per annum for water heating alone. The heater 
provides all the hot water necessary for one bathroom, 
one wash-house, one sink, and four wash-basins, at a 
cost of just over 4s. per week. 

Mr. Harold Midgley : It is obvious that the author 
has carried out a considerable amount of investigation, 
and it is unfortunate that the value of this is discounted 
by the assumptions made at the outset of the paper. At 
the same time one must sympathize with him in regard 
to the difficulty of obtaining the information required 
for such investigations, a difficulty which is increased by 
the varying ways in which electricity undertakings carry 
out their financial arrangements, e.g. the extent to which 
work of a capital nature is charged to revenue or to 
capital, or the extent to which the expense of change-over 
from direct current to alternating current is met from 

33 
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revenue or reserve. Whilst these differences may be 
regrettable from the statistical point of view, freedom of 
choice in matters of this kind has, in the past, been very 
beneficial. 

I cannot altogether agree with the author that the 
sale of electricity, measured in terms of units per head 
of population, is dependent only on average price. y 
experience has demonstrated that improvement m 
publicity, and the provision of hire services, have at 
least as great an effect in increasing consumption o 
electricity as reduction in tariffs. Whilst many new 
consumers in recent years have been only small users, it 
must not be overlooked that recent developments have 
been to a much greater degree than in former years 
amongst working-class dwellings. Further, the intro¬ 
duction of electricity supply into a house for only a 


limited usage is usually the thin end of the wedge 
towards an increased use as the benefits are realized. _ 

It is often said that saturation from the electrical point 
of view is near at hand, and in fact I quite frequently 
heard this view expressed 15 years ago. The statemen 
was untrue then, and surely it is equally likely to be 

untrue now. . 

Whilst the author advances very sound reasons against 

a possible reduction in distribution costs, as demonstrated 
in Fig. 5, these reasons only apply on the assumption 
that no substantial improvement is obtained m load 
factor. Any improvement in load factor will be reflected 
in reduction of distribution costs, which are mainly fixed 
charges, and this strongly emphasizes the importance of 
developing off-peak loads such as night water-heating 
and battery-vehicle charging. 


THE AUTHOR’S REPLY TO THE DISCUSSIONS AT 

AND BRISTOL 


NOTTINGHAM, MANCHESTER, 


Mr. J. A. Sumner {in reply ): I should like to express 
my thanks to the numerous contributors to these discus¬ 
sions for the expression of so many views, whether critical 
or complimentary. If the discussions have more clearly 
formulated opinion with regard to the important relation¬ 
ship between demand and charges, the paper will have 
served the purpose for which it was written. 

These later discussions again tend to crystallize around 
the question of a decreasing average national consump¬ 
tion. Many speakers accept this condition as being 
prevalent, but seem to reassure themselves by stating 
that the condition is a natural one and only temporary, 
being due to the large recent increase in the connection of 
small consumers. So far, therefore, they agree with the 
statements which I have set out in the latter part of the 
second paragraph of the “ Summary ” to the paper. 

On page 434 (vol. 81), however, I have^ described this 
decreasing consumption as a condition of “ mal-develop- 
ment,” and many contributors appear to disagree with 
this description and with the reasons which I have 
advanced to account for this lack of development. They 
suggest that this condition of a falling average consump¬ 
tion with an increasing rate of connections is a healthy 
one because, ultimately, the new small consumers wil 
increase their consumption. I have not been able to 
accept their suggestion because, as pointed out m re 
paper, I maintain that the new small consumers are 
unlikely to increase their annual consumption owing to 
high fixed charges and high domestic prices gener¬ 
ally. These charges are such as to prevent a high 
elasticity in the. domestic demand, which is shown to 
occur only when the average price falls below 2^d. per 
unit In a recent paper entitled “ Electricity Demand 
and Price,”* Mr. D. J. Bolton has provided a valuable 
economic analysis of electricity-supply demand in which 
he has given a definition of " elasticity of demand, and 
has given an appraisal of its value and consequences m 
electricity supply. Since his analysis appears to con¬ 
firm the views which I have put forward in the paper 
(see his statement on page 204 that " the elasticity 
throughout the country is almost entirely due to the 
taking-on of fresh consumers, and such an elasticity is 
* Journal I.E.E., 1938, vol. 82, p. 185. 


far from being the most profitable type for the under¬ 
taking”), I am encouraged to persist in the views m 
this connection which I have put forward in the paper. 

This general statement, and my earlier reply, direct y 
answer some of the contributions to the discussion, and 
I therefore deal below with only the remaining points. 

Again during these later discussions the view has been 
expressed that the electricity supply industry is m a 
satisfactory condition because of the annual increase m 
the amount of total consumption. But I fail to see that 
this growth in the rate of consumption can, of itself, 
indicate that conditions are satisfactory. If I may use a 
simile, it is rather like saying that we should be satisfied it 
we found that the weight or height of a child was greatei 
in one year than in the preceding year; in such an instance 
we should wish to know whether the increase was greater 
or less than the average for other children of the same 
age. Unfortunately, we have no standard by which to 
compare the growth of electricity supply, and I can only 
suggest that the analyses made in the paper indicate 
that the growth in the consumption of electricity may be 
less than one would expect of an adolescent industiy. 

I should like to emphasize the suggestion made by 
Mr. Bowden in the Bristol discussion, that some form 
of clearing house could be established to deal with 
quotations by supply undertakings to large power con¬ 
sumers. Even if control of the quotations were not 
established, as occurs with certain electrical manufactur¬ 
ing organizations, it would be of value to obtain know¬ 
ledge of the various quotations which are made for a par¬ 
ticular inquiry, so as to ensure that the lowest tenderer 
obtains at least as much as his original tender price. 

Manchester Discussion 

In reply to Mr. Howarth re Table 9, I suggest that if 
the changes to which he refers are considered over the 
whole range of the Table the constant nature of the 
variation, although the change is small, justifies the con¬ 
clusions which I have drawn. I agree that the proportion 
of capital charges in distribution is increasing, but not 
that it is inevitable that the number of units sold per £ 
should decrease, provided that tariffs and charges are 
suitably administered. The remaining 9 % of consump- 
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tion and charges which are not included in Table 7 
is due to public lighting and traction supplies. The 
Central Electricity Board capital has been apportioned 
between generation and distribution in the manner 
stated in the earlier discussions. With regard to the 
question as to whether prices should and do follow 
increased demand, or vice versa, I would refer Mr. 
Howarth to the first of the three numbered paragraphs 
in the Summary to the paper, and particularly to Mr. 
Bolton’s recent paper. Most of Mr. Howarth’s remaining 
points have been dealt with in my earlier reply, but I 
should like to express my agreement with his view that 
cheaper consuming apparatus ought to be available. 

Mr. Swales provides a thoughtful contribution, and I 
agree with the difficulty which arises when analysing 
conditions in the supply industry, in view of the inade¬ 
quate nature of the statistics published in the Electricity 
Commissioners’ Annual Returns. The paper will have 
been useful if it succeeds only in showing the need for 
undertakings to provide more detailed statistics. Mr. 
Howarth and Mr. Swales raise the point that the recent 
move of industry to London, where electric power charges 
are high, disproves my statement that “ industries tend 
to follow cheap power.” But I think that most of the 
new industries around London are of the type which 
has a relatively small power consumption. As regards 
power prices, X am sorry if I have conveyed the impres¬ 
sion that electricity-supply executives are not generally 
alert and successful. I had intended to refer to the 
relatively uncoordinated bargaining powers between the 
various executives in electricity supply, as compared 
with the much more organized bargaining strength of 
the manufacturers (see Mr. Bowden’s contribution and 
my reply thereto.) Industrial electric heating, of course, 
covers many branches, but I consider that it will be a 
very valuable acquisition in the near future, particularly 
if arrangements can be made to keep the load off the 
winter peak, either by increased storage capacity in some 
cases, or by reduction of load during peak hours in such 
cases as, for example, electric furnaces for steel-melting. 

I have already expressed my agreement with Mr. 
Romero’s criticism that it would be better if the con¬ 
sumption of shops, etc., could be separated from purely 
domestic consumption. I also agree that, if this could 
be done, the true figure of average domestic consumption 
would not only be very much lower than I have stated 
but would probably show a much greater rate of annual 
decrement. There are, of course, a large number of 
causes which require investigation in order to explain 
the variations in col. 7 and 9 of Table 2, but, although I 
do not rely upon Table 2 to prove the inverse law to 
which Mr. Romero refers, I think that Table 2 can be used 
to support my case. If the ratio of power to domestic 
consumers is less than 1 to 10, the average domestic 
consumption in col. 10 of Table 1, referred to above, 
will be depressed even more. The characteristics of the 
domestic supply in Salford appear to be very similar 
to those of Hull and Sunderland, to which I have 
referred in the earlier discussion. Fig. 1 is, of course, 
a graphical representation of a large number of facts 
published in the Electricity Commissioners' Annual 
Returns, and relates to approximately 600 supply under¬ 
takings. The two points to which Mr. Romero refers 


are, I suggest, not statistics but facts, which illustrate 
the wide discrepancy in charges indicated m t e 
paper. 

I think that Mr. Mellonie is not justified m referring 
only to the total increase in consumption when measuring 
progress. Surely the cost of providing those additional 
units must be brought into consideration, and the cost per 
unit measured at various stages during the progress in 
consumption. I agree that the criterion of units sold 
per £ of distribution capital ” is not a direct measure of 
service rendered, but, other things being equal, better 
service will be reflected in the rate of increase of the units 
sold per £. This is probably supported by Mr. Kirby s 
illustration of the relations between average price con¬ 
sumption and units sold per £ of distribution capital. 

In reply to Mr. Crompton, I do not see why an over¬ 
riding authority with statutory powers to decide tariffs 
should have the effect of retarding development. It is 
assumed that this authority would have a full knowledge 
of the costs and other factors pertaining to each district, 
and that it would be sensitive to the effect of a variation 
in charge upon consumption. Similarly, and in reply to 
Mr. Fennell, I do not suggest in the paper that it would 
be possible or wise for a uniform domestic tariff to be 
imposed at once and with the present distribution areas. 

I have referred on page 452 (vol. 81) to the impracti¬ 
cability, under present conditions, of obtaining uni¬ 
formity in tariffs and charges on an equitable and satis¬ 
factory basis. But when two supply undertakings are 
merged into one a natural tendency arises to equalize 
charges and to bring the tariffs, i.e. the bases of charge 
for the previously separated undertakings, to a common 
basis, as I am sure Mr. Fennell will appreciate. I 
suggest that electricity is now so popular that com¬ 
petition from other forms of lighting and heating is not 
seriously to be feared provided the electricity charge 
conforms to modern standards. 

Bristol Discussion 

Mr. Fradsall-Smith’s remarks have been largely 
answered in my general reply, which deals with the point 
raised by a majority of the contributors—that a constant 
or declining average in domestic consumption is generally 
to be expected. It is, of course, true that the larger 
undertakings with the highest proportion of power obtain 
a lower average revenue for domestic supplies, but it will 
be noticed that the ratio of domestic to power charges 
has increased to approximately 3 : 1 for those larger 
undertakings. 

I should like to thank Mr. Bowden for his general 
support of the paper, and I quite agree that improvement 
in load factor is a matter which should receive close 
attention. Reconstruction of tariffs and charges towards 
uniformity must clearly keep this important matter in 
view. I should particularly like to commend for wide 
attention the important suggestion made by Mr. Bowden 
in the final paragraph of his contribution, where he 
refers to the need for a form of clearing house in regard 
to supply quotations. 

In reply to Mr. Roberts, it is difficult to ascertain the 
average annual domestic consumption above which a 
two-part tariff should show advantage over fiat-rate 
charges. Much more information must first be available 
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at some central source, of the tariffs, costs, and increase 
in demand, for each separate undertaking'. As I have 
tried to show in the paper, where a distribution system 
is not hopelessly inadequate it is preferable to utilize 
those mains to the full extent as the means of lowering 
the cost of distribution per consumer. 

I agree with Mr, Midgley that freedom of choice in 
carrying out financial arrangements and methods of 
statistics has been beneficial in the past and I hope 
that it will be retained by engineers in the future; 
but, as I am sure he will agree, electricity distribu¬ 
tion has now developed to such an extent that its manage¬ 
ment has become a science in which statistics need to be 
co-ordinated between undertakings. I still consider that 
the relationship between average price and the resultant 
sales of electricity is definite, and that there is some law 
which relates these two factors. Service, publicity, 
etc., are valuable and necessary facilities to sales, but 
they are effective usually only in reducing the time-lag 
which often occurs between a reduction in price and the 
subsequent increase in sales. 

Nottingham Discussion 

Mr. Tucker's figures for the Loughborough undertaking 
(Table L) are very good, but it should be borne in mind 
that Table 2 in the paper shows only the average, 
grouped data, and that many individual undertakings 
will therefore show data which are considerably better 
than the averages. It is not possible, of course, to 
produce unchallengeable proof that the industrial load is 
subsidized by the domestic load. The principle of selling 
domestic supplies at the best price that we can get is 
quite sound, but I wished to stress in the paper that these 
prices must first be ascertained and then granted without 
delay. I am afraid that I must join issue with Mr. 
Tucker in his implication that the established forms of 
tariff are quite fair to consumers, whilst the proposed 
“ fixed-consumer-charge ” method is void of equity. 
The fixed charges in Table 15 are based on the present 
average costs, but Fig. 9 suggests that the average fixed 
charge for the country is falling each year. I would 
ask Mr. Tucker whether he would agree to reduce the 
fixed charge to the artisan’s house if it fell so low as to 
produce an average cost per unit lower than his flat rate, 
at the same consumption. I appreciate and agree with 
the other matters which he discusses, and there are 
several suggestions that an upward trend may be com¬ 
mencing in the average domestic consumption. 

Mr. Wadeson touches the most important factor in 
domestic consumption when he refers to the fact that the 
middle classes are not replacing their heating and cooking 
appliances. This is one of the most important facets of 
the question which I desired to present. As stated on 
page 430 of the paper, if the established consumers in, say, 
the year 1931 were increasing their consumption as one 
would expect, the total domestic consumption for 1934—35 
should have been reached without the aid of any of the 
consumers connected from 1931 to 1935. Many of the 
contributors appear to have overlooked this masking 
of normal consumption due to the later connection of 
small new consumers. The present two-part tariffs for 
private houses are, I agree, largely rule-of-thumb, but 


my contention is that a scientific basis is often claimed 
for this rule-of-thumb method. 

I have dealt with Mr. Ginno’s main point in my earlier 
reply, but he will see that his contention, that the falling 
domestic average in Leicester is not unprogressive, is 
based on the assumption that the large number of 
assisted-wiring consumers will ultimately increase their 
consumption by a fairly large amount. Although it is 
probably not true for Leicester, yet in many cases this 
increase does not occur, often owing to domestic charges 
remaining too high and to the decision to reduce price 
after the increased consumption takes place. As I have 
already stated, uniformity in tariffs and charges, should 
be accompanied by increased efficiency in service and 
management, etc., but we must primarily create the 
“ will to buy ” on the part of the consumer. 

In reply to Mr. Rowland I do not think that the 
average proportion of power to domestic consumers is 
as low as it is for large towns such as, say, Salford. I must 
also refer to the fact that it is clearly indicated on 
page 430 of the paper that the ratio of power to domestic 
consumers adopted there is arbitrary and is assumed 
without full knowledge in order to arrive at an average 
consumption for combined lighting, heating, and cook¬ 
ing. Table 7 does not, of course, depend in any way upon 
this arbitrary division of consumers, and is based solely 
on the amount of total supplies for power and domestic 
purposes. Similarly, Table 13 is “. . . to indicate the 
approximate nature of the reduction in average consumer 
cost ...” and can hardly be described as a suggested 
new tariff. Is it possible that the low average consump¬ 
tion of 630 units to which Mr. Rowlands refers is due to 
the fixed annual charge under the two-part tariff being 
too high, or is it possible that consumers are not satisfied 
with the method of assessing the fixed charge ? Assuming 
a secondary charge of 0- 5d. per unit, for example, the 
consumer with 630 units per year pays £2 17s. 3d. fixed 
annual charge and the consumer with 2 800 units pays 
£2 2s. 8d. I think, however, that Mr. Rowlands clearly 
indicates one of the obstacles to progress in the last 
paragraph of his contribution, where he refers to the cost 
of apparatus. 

Mr. Brookes is, I think, quite right in his analysis of 
development of distribution, and the only question which 
arises is whether the increase of load nearer to the gene¬ 
rating centre will be sufficient to neutralize the persisting 
high cost for the outer distribution areas. 

I do not admit to Mr. Bayley that Diesel oil-engine 
plant is cheaper than the unsubsidized public supply 
cost of power for industrial purposes. The purpose of 
discussing domestic and power charges in the paper was 
to suggest that the differentiation which causes an 
average charge of, say, 3d.~6d. per unit to a small 
domestic consumer and perhaps 0'5d.—0'75d. per unit 
to a power consumer is quite unjustified in these modern 
days of supply. It is quite possible economically to 
offer a price of Id. per unit or less to both classes of 
consumers, with the result that there would be a large 
increase in domestic consumption. My experience has 
been that a charge around £4 • 25 per kVA plus 0• 45d. per 
unit will obtain all wormalindustrial power supplies and 
prove economical to both consumer and supply under¬ 
taking. 
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SUMMARY 

Study of the mechanism of the electric spark has been 
mainly confined to the short spark in homogeneous fields, or 
to the long spark provided by Nature in the form of the 
lightning flash. Following some early work of the author’s 
on the characteristics of the impulse-voltage spark from a 
negatively or positively charged point electrode to earth, the 
author has further studied these discharges with the rotating 
camera to find the chronological sequence of discharge pro¬ 
cesses. Discharges preceding the main spark were observed 
irrespective of the polarity of the high-voltage electrode, the 
separation in time of the pre-discharge manifestation from the 
main spark being almost equal to the time-to-sparkover as 
recorded by the cathode-ray oscillograph. These discharges 
have been studied in air at atmospheric and lower pressures, 
and it has been shown that the pre-discharge is a " leader 
stroke ” in the strict sense of the word as applied to the 
lightning discharge: a " leader ” blazes an ionized path from 
the high-voltage electrode (of either polarity) to earth and is 
then followed by the return or main stroke of the spark from 
earth to the high-voltage electrode. Under certain conditions 
leader strokes have been shown to develop from both electrodes 
simultaneously. The leader stroke always exhibits branching 
in the direction of propagation; the main stroke follows some 
of the more important branches but does not develop fresh 
branches. The direction of branching of the spark discharge 
has been shown to furnish the criterion for the direction of 
propagation of the leader stroke. 
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(1) INTRODUCTION 

The study of the conduction of electricity through 
•gases has provided a scientific literature probably more 

* This paper, which has been awarded the Coopers Hill War Memoral Prize 
..and Medal for 1937, will be read and discussed at an Ordinary Meeting of The 
.Institution next Session. 


prolific than exists on any other subject, yet in spite of 
its antiquity new investigations are constantly throwing 
a fresh light on some of the many unexplained pheno¬ 
mena. It would be out of place here to review the 
earlier researches; it is sufficient to refer to the standard 
textbooks, such as Sir J. J. Thomson’s “ Electrical Con¬ 
ductivity of Gases,” and only to note briefly the latest 
researches bearing on the subject and particularly on the 
experiments to be described. Much of the earlier work 
was done with steady potentials applied to parallel-plate 
electrodes in gases at low pressures: the more recent work 
has been done mostly with impulse voltages and with the 
cathode-ray oscillograph or high-speed camera, and 
another great contribution to knowledge has come from 
the photographic study of the lightning discharge. The 
author’s experiments concern photographic and oscillo¬ 
graphic studies of the long spark, a phenomenon falling 
between the lightning flash and the short discharge 
investigated so extensively for over 50 years. 


(2) REVIEW OP EXISTING KNOWLEDGE OF THE 
SPARK DISCHARGE 


The subject is so enormous that it is almost beyond 
the powers of any but the extreme specialist to present a 
comprehensive view of it. We are indebted to Prof. 
Loebf for a critical survey of the present position of the 
science, and the following is but a small part of a very 
complicated whole. 

A spark occurs between two electrodes when the con¬ 
duction current in the gas between them rises very rapidly 
from extremely low values to values of the order of 
amperes, values sufficient to produce intense luminosity 
in the visible and ulti-a-violet spectrum. ' The spark is 
initiated by at least one electron being accelerated in the 
electric field between the electrodes and causing ioniza¬ 
tion of the gas molecules by collision: thereafter, 
multiple ionization by collision and other processes pro¬ 
ducing ions may operate to increase the current to the 
value mentioned above, when a spark occurs. The 
presence of at least one electron between two electrodes 
at any moment is assured in all but the most exceptional 
cases J by photo-electric action in the gas or at the 
electrodes, by radioactivity, or by cosmic radiation. In 
an electric field approaching the critical breakdown field, 
chance-occurring electrons will be accelerated and by 
collision will produce ions and more electrons. This may 
be called the primary ionization process, and it is accom¬ 
panied by some or all of the following secondary ioniza¬ 
tion processes: (i) Emission of light by the ionized (or 


+ L. B. Loeb: " Review of Modem Physics (July, 1936). _ 
t By special preparation, of gas, J. W. Flowers {Physical Review, 193o, vol. 48, 
p. 954) was able to obtain extremely high over-voltages on gaps, through the 
absence of electrons which could initiate a spark. 
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excited) molecules, and absorption of that light by other 
molecules (generally of a different element from that of 
the ionized molecule), accompanied by photo-electric 
emission, (ii) Emission of light by the ionized (or 
excited) molecules and absorption of that light by the 
cathode, accompanied by photo-electric emission at the 
cathode, (iii) Electron emission from the cathode due to 
positive-ion bombardment of the cathode. 

In addition, one or two other secondary ionization 
processes may ensue, but these are either not very well 
understood or they arise in special cases only: they will 
therefore not be discussed. 

The primary ionization process, studied by Townsend 
and his co-workers, has been recently fully re-investi¬ 
gated* over an extended range of variables, and it is 
found experimentally that the Townsend negative ioniza¬ 
tion-coefficient a (the number of electrons produced by 
1 electron moving 1 cm. in the direction of the field) 



Fig. 1.—Variation of a/p with A/p: curve for pure N 2 (Posin). 

a = Townsend coefficient, p — pressure in millimetres of mercury, X = field 

strength in volts per cm. 


varies with the field strength in a complex threefold 
manner. Fig. I shows a curve in which log 10 (a/p) is 
plotted against X/p, where p is the pressure in mm. of 
mercury and X is the field strength in volts per cm. For 
low values of XJp, a/p varies as e x !v, for higher values of 
/X \ 

Xlp, a/p varies as f-Constant j 2 ; and for still higher 

values of Xlp, a/p varies as (X/p)*. The field-strengths 
causing breakdown between parallel-plate electrodes at 
atmospheric pressures and between point electrodes lie 
in the first two regions of the curve, but before breakdown 
takes place the current passing between the electrodes 
exceeds the value given by the simple Townsend equation. 
This increase of current was formerly ascribed to ioniza¬ 
tion in the gas by positive ions, but it is now known 
definitely that this cannot occur with the field strengths 
normally encountered at breakdown, and the afore¬ 
mentioned three secondary ionization processes have 
been substituted for Townsend’s positive-ion ionization. 

Secondary process (i) is important in heterogeneous 
gases (and only in very carefully-prepared experiments 
are the gases not heterogeneous), since most of the 

* See D. Q. Posin: Physical Review, T936, vol. 60, p. 050, and earlier papers 
there quoted. 


characteristic radiation potentials of an atom are lower 
than its ionization potential, and therefore radiation 
caused by ionization is almost incapable of causing 
ionization in like atoms but may very efficiently cause 
ionization in unlike atoms. The process is also piobably 
important in long discharges in supplying a copious 
source of electrons ahead of the advancing discharge. 

Secondary process (ii) is considered to be very im¬ 
portant as the radiations of the coiona discharge and of 
the non-luminous discharge (the entladung-strahlung) 
which is known to exist before the luminous discharge 
develops are of very short wavelength and are therefore 
highly efficient in producing photo-electric emission from 
metais. This process is important for short discharges 
but clearly cannot apply to long sparks. 

Secondary process (iii) is at present somewhat uncertain 
as experiments depend to such a great extent on the pre¬ 
paration of the electrodes: there are many experiments 
pointing to the process being important, at least for small 
sparks, but not for long sparks and for lightning 

discharges. . , 

It is interesting to note that mathematical analysis of 
the results of secondary processes (ii) and (iii) lead to 
equations for the spark very similar in form to that 
developed and verified experimentally by Townsend and 
others, based on the discredited positive-ion ionization 
theory. 

For long gaps the primary and secondary ionization 
processes are almost certainly assisted by the formation 
of space charge and by the consequent distortion of the 
electric field. Assuming that the positive ion formed in 
the primary process does not migrate in the short time 
taken for the development of a spark, very considerable 
space-charge will be created even by the action of only 
one primary electron. Thus in a field of 30 kV per cm. at. 
atmospheric pressure ( XJp — 40), one primary electron, 
yields a electrons—and therefore positive ions—within 
the first centimetre of its path in the direction of the- 
field; this amounts to 10 4 ions: in 2 cm. the electron yields. 
10® ions, etc. These figures would be further increased by 
the secondary processes enumerated. The presence of 
the space-charge results in greatly increased gradients at 
the boundary of the ionized channel, and consequent 
increased ionization coefficients. Cravath and Loeb* 
have shown how the distortion of the thundercloud field 
by space charge can explain the speed of formation of 
the “ leader ” stroke to the lightning discharge as photo¬ 
graphed by Schonland, Malan, and Collens, j" although, 
the average electric field between cloud and earth is only 
of the order of a few kilovolts per centimetre. Even at. 
small electrode-spacings and with homogeneous electric 
fields, space charge appears to play an important role, as. 
shown by Dunnington,J White, § and von Hippel ana 
Franck, 11 who observed that the spark in addition to 
starting at the cathode sometimes started simultaneously 
at the middle region of the gap for gaps of the order of' 
1 cm. White suggests that breakdown is determined by 
the location of the space charge. Calculations by Varney 


* A. M. Cravath and L. B. Loeb : Physics, 1935, vol. 6, p. 12a. 
f B. F. J. Schonland and H. Collens: Proceedings of the Royal Society, . A. 
1934, vol. 143, p. 654 ; B. F. J. Schonland, D. J. Malan, and H. Collins: iota. , 

1 F. G. Dunnington: Physical Review, 1931, vol. 38, p. 1535. 

5 H. T. White: ibid., 1934, vol. 46, p. 99; and 1936, vol. 49, p. 607. 

|| A. von Hippel and J. Franck: Zeitschriftfiir Phys ' ik , 1929, vol. 57, p. 696_ 
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and others* on the role of space charge in altering the 
Townsend ionization-coefficients showed that the coeffi¬ 
cient a can be increased on account of field distortion in 
the regions of moderately low field-strengths where a/p 
varies as e x l p or (X/p) 2 , the regions corresponding to atmo¬ 
spheric pressures and large gap spacings; and it is 
suggested that field distortion can fully account for spark 
formation without the agency of the three secondary 
processes enumerated above. From Fig. 1 it will be 
readily appreciated how a small increase in X/p causes a 
large increase in the value of a; as X/p changes from 40 
to 60, a changes from 8 to 80. 

A spark requires a definite time for its formation. 
One of the outstanding difficulties of the Townsend 
theory of spark formation was the time required for 
spark formation. If appreciable movement of positive 
ions is to take place (ions moving with velocities of, say, 
10 5 cm.-per sec.) in order to furnish secondary ionization 
to create a spark, times of formation of at least 10~ 5 sec. 
will be required for short gaps, whereas Burawoy,f 
Rogowski,^ and others§ showed that sparks could occur 
* in 10~ 7 sec. to 10- 8 sec. More recent study has shown 
that the total time-lag of spark formation may be divided 
into two portions: a statistical time-lag depending on the 
chance of an initiatory electron appearing near the 
cathode, and a formative time-lag, the time for the spark 
to develop across the gap once the initial ionization 
processes have commenced. The statistical time-lag is 
decreased by irradiating the cathode with ultra-violet 
light; the formative time-lag may be decreased by apply¬ 
ing voltages in excess of the minimum sparkover voltage. 
Dunnington|| studied the variation of time-lag in homo¬ 
geneous fields with electrode-spacing and with pressure, 
and showed that the time-lag increased with diminishing 
pressures; the increase being rapid below a pressure of 
45 cm. of mercury. The time-lag also increased with 
increasing electrode-separations, at least up to that 
separation at which the mid-gap streamer already men¬ 
tioned occurred: thereafter the time-lag remained almost 
constant, thus pointing to an increased speed of spark 
formation due to space charge. WhiteII measured the 
speed of spark formation and found it to be about 
1-5 X 10 7 cm. per sec., almost the speed of electrons at 
that field intensity. With over-voltages, Wilson** ob¬ 
tained even shorter time-lags, times too short for an 
electron to cross the gap, and suggested that the lag was 
only the time necessary for the secondary processes to 
build up to such a value that visibility of the radiating 
atoms ensues. 

The above work was all done with homogeneous 
electric fields, i.e. fields which were homogeneous before 
ionization produced distortion. With heterogeneous 
fields the situation is different. In the first place, with 
widely differing electrode-shapes (limits of point and 
plane) discharge usually occurs first at the smaller 
electrode, whether it be cathode or anode, earthed, or 


* R. N. Varney, H. J. White, L. B. Loeb, and D. W. Posin: Physical 
Review, 1935, vol. 4S, p. 818. 

t O. Burawoy: Archiv filr Elektrotechnih, 1926, vol. 16, p. loo. 
t W. Rogowsiu: ibid., 1926, vol. 10, p. 496; and 1928, vol. 20, p. 99 , 

8 R. Tamm: ibid., 1928, vol. 20, p. 235; J. J. Torok: Transactionsof the Ameri¬ 
can r.JS.£.,T928, vol. 47, p. 349; J. W. Beams : Journal of the Franhlm Institute, 
1928, vol. 206, p. 809. 

|| hoc. cit. 

11 Loc. cit., and Physical Review, 1936, vol. 4-9, p. 507. 

** R. R. Wilson: Physical Review, 1936, vol. 50, p. 1082. 


connected to a high-potential source; the sparking 
potential is usually lower when the smaller electrode is 
positive.* The familiar Lichtenberg figures of positive 
and negative discharges from a point on a photographic 
glass plate to an earthed electrode on the reverse side of 
the plate indicate an interesting difference between dis¬ 
charges of opposite polarity: the positive discharges are 
very fernlike, with multiple branches, the negative dis¬ 
charges radiate in fan-like bunches with less branching, 
and the radius of the negative figure is smaller than that 
of the positive figure for the same voltage. In each case, 
the discharge proceeds in the direction away from the 
point electrode, though obviously the negative carriers 
(electrons) move in a direction opposed to the electric 
field. Sparkover occurs when the gradient at the 
extremity of the discharge at any instant is still large 
enough to produce sufficient ionization by collision for the 
maintenance of the discharge: ionization by photo¬ 
electric emission at the cathode does not affect the dis¬ 
charge in long gaps. The value of X/p at the surface 
of the smaller electrode at which discharge is' first seen is 
approximately equal to the value which would result in 
the passage of a spark in a homogeneous field, but higher 
gradients are required before a spark passes in the 
heterogeneous field. The breakdown voltage of long 
gaps is not influenced by ultra-violet radiation of the 
electrodes, and the time-lag of discharge is larger than 
for homogeneous fields. Typical results for time-lags 
for the extreme types of electrodes (point/plane) showf 
that the lags for positive point electrodes increase linearly 
with spacing: for negative point electrodes the lags are 
much smaller and do not increase much with spacing. 
The lag is probably the true formative lag, and not partly 
a statistical lag, as the value of X/p at the point is so very 
high. There is evidence too X from photographic observa¬ 
tions that the lag is the true formative lag. The theory 
to explain the growth of the negative and positive dis¬ 
charges from point electrodes was given by Simpson§ and 
will be referred to later in the paper. More recently, 
Goodlet|| has advanced a theory for the long spark which 
goes beyond Cravath and Loeb’slf theory in that it 
attempts to set a lower limit to the speed of propagation 
of the negative discharge. 1 

With regard to the very long discharge of the lightning 
flash, Walter** showed that frequently very many partial 
discharges from cloud towards earth precede the first 
complete flash, and then a number of other complete 
flashes to earth follow, at intervals, over the same track. 
A recent study by Schonland and Collensft in South 
Africa with the Boys rotating camera has shown that, in 
addition to the number of pre-discharges which partially 
bridge the gap to earth, one discharge finally reaches the 
ground and immediately an upward-growing intense dis¬ 
charge develops from ground to cloud. This “ return 
stroke ” or " main stroke ” carries the large currents of 
thousands of amperes usually associated with the 
lightning flash, and it follows exactly the path blazed 


• T.^.^AlliboneI W. G. Hawley, and F. R. Perry: Journal I.E.E., 1934, 

' AllIbone and B. F. J. Schonland: Nature, 1934, vol. 134, p. 736. 

G. C. Simpson: Proceedings of the Royal Society, A, 1926, vol. XU, p. ob. 

B. L. Goodlet: Journal I.E.E., 1937, vol. 81, p. 1. 
r t. no cit 

■ B. Walker: Annalen der Physik, 1903, vol. 10, p. 393. 

• Loc. cit. 
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out by the pre-discharge or leader stroke which carries 
only a small current of the order of amperes. It has 
been established that in general there is a leader stroke 
to each of the subsequent main strokes of a multiple 
lightning flash, although a distinction has been drawn 
between the leader stroke to the first main stroke and 
the leaders to the subsequent strokes. The leader to the 
first main stroke is stepped and travels with a mean 
speed of the order of 1*5 X 10 7 cm. per sec., although 
individual steps move forward in jerks with a speed of 
about 100 times the above figure; the leaders to the sub¬ 
sequent strokes are not in general stepped, and as they 
move over an ionized path their speed is of the order of 
2 x 10 8 cm. per sec. The lightning flashes so described 
are believed to emanate from negatively-charged clouds, 
and no discharges of the leader-stroke/main-sti"oke type 
have yet been recorded which can definitely be ascribed 
to positively-charged clouds, so that the positive leader- 
stroke has not yet been shown to exist. In the labora¬ 
tory, however, photographs of long sparks from positive 
point-electrodes obtained by Allibone and Schonland* 
have already shown that a pre-discharge or leader stroke 
takes place immediately before the main spark occurs, 
although hitherto the photographs have not shown the 
track of the leader stroke over the whole of the gap from 
point to plane. Strigelf was unable to obtain confirma¬ 
tion of the author’s results, but they have been confirmed 
recently by Stekolnikov.J This point will be referred to 
later in the paper. 

(3) THE SPARK DISCHARGE IN INHOMOGENEOUS 

, FIELDS AT ATMOSPHERIC PRESSURE 

Experiments on spark phenomena are most conveni¬ 
ently performed with impulse voltages, mainly because 
the voltage can be applied with such great rapidity and 
for such short times, and also because of the ease with 
which the cathode-ray oscillograph may be applied to 
the study of time-lags and breakdown. In all the follow¬ 
ing experiments impulse voltages were used having a 
smooth voltage/time characteristic rising to maximum 
value in times of the order of 1-50 microsec. and then 
declining to half value in times varying from 30 to 
300 microsec. 

The general background of the experiments is based on 
previous work of the author and his colleagues§ on the 
point-plane gap at large spacings (greater than 10 in.) and 
at atmospheric pressure. Briefly, for conditions repre¬ 
senting the minimum impulse sparkover voltage, the 
negative sparkover of a given point-plane gap is nearly 
twice as high as the positive sparkover voltage, but the 
time-lag of sparkover is very much smaller : and for the 
point-point gap, the positive and negative sparkover 
voltages are almost identical and lie about midway be¬ 
tween the corresponding voltages for a point-plane gap 
of the same spacing; the time-lags are the same for both 
polarities and are also midway between the lags for the 
point-plane gap. These extremes of gaps afford an 
interesting subject for further investigation. 

The experiments were in part aided by the use of a 

♦ J cit» 

t R. Strigrl: Wissenschaftliche Veroffentlichungen aus den Siemens-W erken, 
1036, vol. 15, p. 68. , „ 

i I. S. Stekolnikov: Elektrichestvo, 1937, vol. 8, p. 49. 

§ Journal I.E.E., 1934, vol. 75, p. G70. 


rotating carriera having a film speed of 1/24 mm. per 
microsecond and a lens (glass) aperture of//2-9: later a 
quartz ultra-violet flint-glass lens of //4 aperture was 
used, giving finer records. A satisfactory film was found 
to be Messrs. Ilford’s “Oscillographic Film Type F,” but 
Selochrome or panchromatic film gave good records. 
Films were over-developed as judged by the usual time/ 
temperature rule in order to bring out the fine tracery of 
the corona discharge accompanying the strong main 
spark. 

(a) Observations with the Stationary Camera 

The interesting characteristic of the discharge at a 
voltage just lower than the sparkover of a point-plane gap 
is that it is almost impossible to distinguish between the 
positive and the negative corona discharge. In absolute 
darkness the corona can be seen to extend from the point 
electrode to the plane, and if the plane has a trace of 
grease or oil on it this can be seen to fluoresce in tufts all 
over the plane, indicating that discharge is continuous 
from point to plane even though no spark develops. At 
the point the discharge is whiter, and of course more con¬ 
centrated: with positive polarity the streamers at the 
point appear to be curved downwards towards the plane, 
whilst with negative polarity they extend in straighter 
lines from the point: in this way the two types of dis¬ 
charge resemble the Lichtenberg figures radiating from a 
point. The fine blue tracery is not easily reproduced 
photographically as it is a three-dimensional discharge; 
and the lens has only a small depth of focus. Fig. 2 (see 
Plate 1, facing page 516) is one of the best records so far 
obtained in the absence of complete flashover: the tufts 
on the earth plane are just distinguishable (positive 
polarity 10 6 volts). When the point is of negative 
polarity, streamers often develop from the earth plane 
towards the cathode at voltages just below flashover (as 
mentioned above, the average voltage gradient on nega¬ 
tive is nearly twice that on positive polarity for the same 
gap): such discharges have rarely been seen to rise from 
the plane when the high-voltage point electrode is of 
positive polarity. 

When sparkover takes place the whole of the corona 
discharge can still be seen (with a little experience) in spite 
of the intense brilliance of the main spark. The negative 
discharge generally does not divide into a few main 
branches, though a fine tracery of branches can be seen 
close to the main channel: the positive discharge often 
divides as it approaches the plane, and each fork is 
shrouded with fine tufts of discharge. It was the strong 
resemblance of this positive branched discharge to the 
typical lightning discharge that led Sir George Simpson* 
to regard the direction of branching of the lightning 
channel as a criterion of the polarity of the flash. If, 
however, from the earthed plane a point projection is 
raised, then, with a negative discharge, streamers of con¬ 
siderable strength develop from this earthed point and 
grow to meet those from the high-voltage point. When 
the earthed plane is studded with a great many point 
projections an extensive forest of streamers develops from 
earth and, at voltages sufficient to create a spark, the 
main discharge from the high-voltage point divides into 
many branches directed towards the discharge from 

* Loc. cit. 
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Fig. 3. —Sparlcover from negative point to positive 
earthed plane electrode from which project many 
short points (10 e volts). (Note the long discharge 
ascending from earth to meet the downward 
branched discharge.) 


Fig. 2. — Corona discharge from positive point to negative earthed 
plane electrode at voltage just below sparlcover (10° volts: 
1/50 microsec. impulse wave). 
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Plate 2 



Fid. 4 .—Sparltover from an extensive pointed high-voltage negative electrode to 
an earthed electrode. Note the upward and downward branched streamers 
to left of the main spark. The earthed electrode has many points ot high 
local stress from which upward branched streamers develop. 
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Fig. 6. —Rotating-camera photographs of sparks: atmospheric pressure. 

(rt) Negative point/plane: 3 separate sparks each preceded by a “leader” discharge 7 microsec. in front of main spark. 

(6) Positive point/plane with projecting points: 4 separate sparks each preceded by a leader discharge G microsec. in front of the 

main spark. 
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Fig. 7a.—L eader and main stroke of a lightning discharge. 
Time between leader and main stroke — 300 microsec. 
(From Nature, 1933, vol. 132, p. 407.) 



Fig. 8a. —Leader stroke from high-voltage point cathode to 
plane earthed electrode. 



Fig. 7b.—L eader and main stroke of a laboratory spark dis¬ 
charge. Point positive/earthed plane. Time between 
leader and main stroke = 84 microsec. 



Fig. 8b. —Leader stroke from high-voltage point cathode to 
a short pointed projection from a plane earthed electrode. 
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Fig. 10 a. —Rotating-camera photographs of impulse-voltage 
discharge at low pressure: point anode/plane cathode. 

Pressure = G cm. I-Ig. 

a = corona developing rapidly after voltage is applied. 

/3 X = first sharply defined leader (1.0 cm. long). 

/3a = second leader. 

Y ■= main stroke. 

8 = reflection of main stroke at the glass tube, 
a, y = 05 microsec. 


Fig. 10 b. —Rotating-camera photographs of impulse-voltage 
discharge at low pressure: point anode/plane cathode. 

Pressure --- Si l cm. Hg. 

a - leader developing as the voltage is applied. 

Y main stroke. 

£ = positive-leader branch followed by main-stroke braucli. 
a, y 51 mien son. 
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earth * Such a negative branched discharge is shown in 
Fig. 3, and its appearance is so similar to that of a 
positive branched discharge that clearly spark appearance 
cannot be taken as a guide to the polarity of the electrode 
from which the discharge develops. In the case of the 
lightning discharge it is known that a considerable current 
flows from earth to the atmosphere beneath a charged 
cloud, as proved by the appearance of brush discharge 
from projections on the earth’s surface; and so the 
laboratory conditions relating to Fig. 3 roughly simulate 
field conditions. The large positive space-charge created 
above the earthed points directs the approaching dis¬ 
charge from the high-voltage cathode, and causes branch¬ 
ing if the positive space-charge is widely distributed. 
That growth of the discharge takes place in both direc¬ 
tions simultaneously (in the laboratory) is shown by the 
extensive discharge from earth on the right of Fig. 3 and 

tkmipward- and downward-directed finely-branched 
discharge shrouding the main stroke on the left of Fig. 3. 
This upward branching at the base of the discharge when 
the upper portion of the discharge is showing a downward 
branching has not been observed in the field, but few 
photographs of lightning show the lower few metres of the 
flash. An even more notable example of the dual growth 
of streamei'S when the high-voltage electrode is negative 
is given in Fig. 4 (see Plate 2) (the high-voltage negative 
electrode is a multi-pointed plane of small dimensions: 
the earthed anode is an extensive uneven plane). In 
addition to the complete spark on the right of the Figure, 
there is an incomplete spark on the left composed of a 
short negative streamer and a long upward-developing 
positive streamer. This dual growth is referred to later 
in this Section: its appearance seems to contain a serious 
obstacle to the existing theory of the lightning discharge. 
To emphasize the phenomenon a Lichtenberg photograph 
of a point-plane discharge was taken in a rather uncon¬ 
ventional manner: instead of the plane electrode being 
beneath the photographic plate, the plate was mounted 
in free space vertically on a horizontal brass plate; and a 
thin tinfoil pointed electrode was fixed on to the plate 
4 in. above the plane. Figs. 5a, 5b, and 5c (see Plate 3) 
show the form of figures obtained. Fig. 5a, with the 
point positive, shows the typical positive discharge 
developing towards the plane. Fig. 5b, with the point 
negative, shows the typical negative discharge developing 
from the cathode. Fig. 5c is taken for a very slightly 
higher (10 %) voltage than for 5b: the diameter of the 
negative figure has scarcely changed, but arising from the 
positive plane are long positive streamers terminating on 
the space charge of the negative figure (the voltage is 
appreciably below the sparkover voltage), so the analogy 
with Fig. 4 is very close. 

(b) Observations with the Rotating Camera 

If the whole of the corona discharge to earth can be 
seen, even when sparkover occurs, it is obvious that much 
of the corona must be established in the few micro¬ 
seconds between the application of the field and its 
removal at the instant of sparldng. Even if the gap is 
paralleled by another gap set to sparkover with a shorter 
time-lag the corona can still be seen, though it was noticed 
that .the extent of the corona was reduced very roughly in 

* T, E. Allibone and B. F. J. Schonland; Nature, 1931, vol. 128, p. 794. 


proportion to the reduction in the time-lag. It is to be 
expected, therefore, that examination of the spark with 
a rotating camera should distinguish between the start of 
corona and the main spark. Such a distinction was 
found by the author* some time ago for both positive and 
negative discharges, although at that time the photo¬ 
graphic conditions only allowed of the corona being 
photographed for about 20 % of the distance between 
electrodes, and in this distance it was impossible to 
detect an approach of the leader stroke to the main stroke 
with increasing distance from the high-voltage electrode. 
A typical result is shown in Fig. 6(a) (see Plate 4) for a 
negative point-plane gap, and in Fig. 6(6) for a positive 
point/pointed-plane gap. The measured separations 
between leader and main stroke agree closely with the 
measured time-lags of oscillograms of the applied voltage, 
so that “ time-lag ” can be identified with time for the 
initial leader-stroke to bridge the electrodes. The 
speeds of formation of the leader strokes, calculated from 
the time-lags, averaged 6 x 10 6 cm. per sec. for the posi¬ 
tive leader and 20 x 10 6 cm. per sec. for the negative 
leader. These values corresponded to the minimum 
impulse sparkover of the gap: with small over-voltages 
the lags are reduced. It was also discovered that, with 
negative polarity, a leader discharge formed simultane¬ 
ously at the earthed electrode if this took the form of a 
pointed projection above the earthed plane. 

Recently the author has had an opportunity of re¬ 
investigating the leader-stroke formation in the labora¬ 
tory with a quartz-lens rotating camera and with a higher- 
voltage impulse generator. The results confirm and 
extend the earlier results. The photographs of the 
leader-stroke discharge show that it extends over the 
whole inter-electrode gap and forms with the return or 
main stroke a perfect V-formation typical of the lightning 
records taken on a rotating camera. Branches on the 
leader stroke are often followed exactly by branches on 
the main stroke. The leader-stroke intensity is almost 
uniform from high-voltage electrode to earth, in marked 
distinction to the results of the earlier work with the 
glass lens. A typical leader-stroke is shown in Figs. 7a 
and 7b (see Plate 5) for a positive point-electrode/negative 
plane (earthed) together with a lightning leader-stroke 
recorded by Schonland and Collens.f The leader-stroke 
formation occurs for positive and for negative impulses, 
and, as before noted, the time-lags determined oscillo- 
graphically agree with the time separation of leader and 
main stroke, the negative lag being much smaller than the 
positive lag. The negative leader-stroke presents features 
quite different from the positive leader. It never reaches 
the earthed electrode. From the earth arise positive 
leader-strokes to meet the downward leader-stroke; and 
if from the earthed plane a small pointed projection is 
raised, the length of the positive leader-stroke is greatly 
enhanced. A negative discharge is shown in Fig. 8a; the 
downward-directed leader meets an upward positive 
leader in mid-gap. In Fig. 8b a pointed projection 2 % 
of the electrode-spacing in length is raised from the 
plane, and the leader strokes are seen to meet at 64 % of 
the gap spacing from the earthed electrode. These 
results clearly support the type of record shown in Fig. 4, 

* Loc, cit. 

t B. F. J. Schonland and H. Collens: Nature, 1933, vol. 132, p. 407. 
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of sparks developing towards one another. If a positive 
high voltage were applied to the type of gap described 
for Fig. 8b, the positive leader-stroke would still almost 
completely bridge the gap, and an upward-directed 
negative leader-stroke (if any) would be very short. 

At first the appearance of the leader to the positive 
discharge* is disconcerting, especially after one has 
accustomed oneself to the electron avalanche, or dart, 
theory of the land suggested by Dorseyf to account for 
the development of the lightning discharge. Schon- 
landj; seems to have accepted the view that the leader to 
the lightning flash is caused by an electron avalanche, 
and has deduced therefrom that the polarity of the base 
of the cloud is negative. Now that the positive leader- 
stroke has been shown to exist—and indeed it is the 
easier of the two to produce—one may justly question 
the polarity of the cloud producing the stroke unless other 
evidence§ is available as to polarity for each stroke, 
because the appearance of the leader/main-stroke com¬ 
bination cannot now be regarded as a criterion for deduc¬ 
ing the cloud polarity. Indeed, this argument can be 
further advanced. If lightning from a negative cloud is 
branched, it is because an extensive space-charge shrouds 
the earth: that is, points project from the earth and con¬ 
tribute their " St. Elmo’s fire if points do this, they 
will very likely be the origin of streamers which develop 
and branch upwards and, when the main flash occurs, 
upward- and downward-directed leaders as in Figs. 8a 
and 8b will be revealed by the Boys camera. Since no 
such leaders have yet been observed, it is suggested that 
some of the leaders may have developed from positive 
clouds, unless it is that the camera has not been able 
to record the path of the discharge near to ground. 

There is still considerable evidence that positive 
lightning-strokes occur in addition to negative, although 
the latter are more abundant. || It is important to note 
that measurements of lightning-stroke polarity on trans¬ 
mission-line towers'ft which result in 97 % of all recorded 
strokes being of negative polarity give no indication 
whatever of the distribution of negative in relation 
to positive strokes in open country. To prove this 
the author applied 100 impulses of '(i) negative and 
(u) positive polarity to a point-plane gap with a point 
projecting from the earthed plane to a distance of 
2/o of the gap spacing (corresponding to a tower 20 m. 
high under a cloud 1 km. above it). When the pro¬ 
jection was beneath the high-voltage point, 100 % of all 
negative discharges terminated on it, and 80 % of all 
positive discharges terminated on it. When the projec¬ 
tion was displaced from beneath the point by a distance 

1°, 01 ] e ~ third of the g a P spacing, 100 % of negative 
and 5 / 0 of positive discharges terminated on it. Of all 
ischarges striking the projection in this location 95 % 
were of negative polarity; thus the point " attracts ” the 
discharge differentially. The 97% observed negative 

he has also obtetoedT^^tiv^M^negath^lenH a ^ vised the aut hor that 
produced spark P negative leader-strokes to the laboratory- 

* 1ST TT T_ 7 ... ~ 


currents in transmission towers might have originated 
from an equal preponderance of flashes of the two 
polarities. This “ filtration ” of results does not appear 
to have been realized hitherto. The explanation is, of 
course, now obvious: from the projection a positive 
leader develops, as shown in Fig. 8b, and meets the 
negative leader-stroke somewhere in mid-gap. It is to be 
expected that Boys-camera records on points such as the 
New York skyscrapers* will show upward-directed leader- 
strokes if negatively-charged clouds strike to these 
buildings. 

Although the positive leader cannot be explained by 
Dorsey’s theory its existence is not surprising; because, at 
voltages just below sparkover, or with chopped impulses, 
a strong discharge develops from the point electrode in 
the long gap. It is presumed that the well-known 
explanation of the positive brush discharge, and positive 
Lichtenberg figure, holds: the electrons move iTTvtiuaJp-" 
to the point, the head of the disturbance moves away 
from the point, and the positive ions remain immobile. 
The electrons are accelerated inwards at the advancing 
tip of the discharge and are probably produced by photo¬ 
ionization of the gas as described in Section (2). The 
positive ions left behind advance the electric field from 
the positive point-electrode towards the plane cathode 
and thus assist in propagating the discharge even though 
the average gradient (point-plane) is only 4-5 kV per cm. 
With negative leader-strokes the electrons proceed away 
from the high-voltage electrode and leave a positive 
space-charge which in part neutralizes the field: about 
twice the average gradient for positive leaders is neces¬ 
sary to piopagate negative leaders. The author cannot 
accept the view of Strigelf that, in the case of the positive- 
pomt/plane-cathode, electrons have first to be released 
rom the plane cathode, travel to the anode, and there 
orm a plasma tube ” which extends away from the 
anode towards the cathode. There is not sufficient time 
for this to occur. The electrons come first from the air 
m the region of the anode point, travelling and rapidly 
ionizing towards the anode. The proof of this is that 
if electrons were to come from the cathode plane a time 
i would first be necessary for their transit to the anode: 
t ereafter another time t 2 would be necessary for the 
eader or avalanche to extend back to the cathode 
mam stroke occurred. Now we can show 
exaotty that t 2 is the time from application of the voltage 
to. breakdown (more strictly, from somewhere on the 

front fr0nt ° f vn e V ° ltage wave to breakdown; but if the 

and raPldly t ?- S tlme is Veiy accura tely measured) 

and therefore no f time exists, and the first electrons to 

must^rti^- Start the downwarcl directed " leader ” 
plane ^ V1Clmty ° f the anode ’ n ot at the cathode 


1 zL E ci? 0RSKY: JOUnml ° fthe Franklin Institute, 1926, vol. 201, p. 485. 

asst: Siasr 


1937 S voLieL p“ 3nd F ' J ' SCRASE: P ^ings of the Royal Society, A 
an! U, , 4 53; 


(c) Detailed analysis of the Positive and Negative 
Leader-Strokes to the Long Spark 

fVl S X i mi ? at ? n ° f many records similar to Fig. 7 shows 

?r 4 

* u piane cathode. Ihe average speed 

Prof. J. C. Jensen ^Nebraska) toThe a ^^^°M grc )F/ h % by i Shimer ' P ubIished by 
branching from the Empire State BuikW ilf T 0 f^^, for j'- 1 ; 55 . showing upward 
were taken with a stationary camera so w ■Y rlfortui , latul y ‘he photographs 
of propagation of the leader stroke ’ th n0 mdlCatlon of the direction 
f Loc. cit. 



ALLIBONE: THE MECHANISM OF THE LONG SPARK 


510 


can be controlled by adjusting the circuit constants, and 
in these experiments is found to be from 2 x I0 6 to 
7 X 10 6 cm. per microsec. There is a little uncer¬ 
tainty in estimating this, as the speed of propagation 
of the main stroke has not yet been measured, but this 
speed will certainly be 10-15 times higher than that of the 
leader stroke as the oscillogram shows such a rapid 
collapse of voltage: this uncertainty will shortly be re¬ 
moved, and the results will be published elsewhere.* 

Branching of the leader-stroke to the spark is accu¬ 
rately followed by the main stroke, and it will shortly be 
possible to quote the speed of propagation of the leader 
down-branches, and to give the full time history of the 
return stroke. The leader sprays an intense discharge 
from branches to earth, as in Fig. 4. The separation in 
time of leader and main stroke at the sharp pointed anode 
^agrees^closely with the time-lag as recorded on the 
oscillogram of the discharge. 

Examination of many records similar to Figs. 8a and 8b 
shows that a leader stroke always develops from the 
cathode point towards the plane anode: a leader also 
develops from the anode plane, and, when the two meet, 
the main stroke extends from this junction in both direc¬ 
tions. In front of the negative leader-stroke will be seen a 
number of pre-discharges which terminate in space and 
the time-lags recorded on the oscillograms agree with the 
total time between the occurrence of the first of these 
pre-discharges and the mainstroke. The speeds of pro¬ 
pagation of the upward and downward leaders have not 
yet been accurately measured, but there is no great dif¬ 
ference between them. Examination of the records of 
the type shown in Fig. 8b reveals similar results to those 
of Fig. 8a except that the upward-directed positive 
leaders are longer and more branched. 

The time to sparkover of the point-plane gap depends 
on the wave-shape of the applied impulse, so that it is 
not surprising that the speed of development of the 
leader stroke to the spark can be controlled by adjusting 
the circuit constants—in particular, the series resistance 
and the load capacitance—and also by varying the degree 
of over-voltage applied to the gap. In general, the 
speed of propagation increases as the series resistance of 
the circuit diminishes, the load capacitance being kept 
constant. Now a discharge will usually start from the 
high-voltage electrode at a small fraction—say 10 % of 
the sparkover voltage of the gap: if the rate of rise of 
voltage is high, e.g. I 000 kV per microsec., the tip of the 
discharge will only have moved forward 10 cm. in 1 micro- 
sec. if its speed is 10 7 cm. per sec., by which time the 
field will have increased tenfold. Under these conditions 
the discharge might be expected to travel with ever- 
increasing velocity, and its separation from the main 
stroke would present difficulties with the present camera. 
This may explain why the records reported by Allibone 
and Schonlandf only show the leader stroke for a fraction 
of the gap. If, however, the rate of rise of voltage is 
small, say 1 000 kV in 20 microsec., and if the starting 
velocity of the leader is again 10 7 cm. per sec., it is 
probable that the leader will only develop a short distance 
from the high-voltage electrode and then cease until the 

* T. E. Allibone and J. M. Meek: Proceedings of the Royal Society, A, 
1938, vol. 166, p. 97. 

t Nature, 1934, vol, 134, p. 730. 


voltage has reached a higher value, when a fresh leader 
may start out from the electrode. This would result in 
a step-by-step development of the leader stroke, which is 
in fact discernible in the records of Figs. 8a and 8b. If 
this argument is applied to the stepped leader of the 
lightning flash, we reach the conclusion that the cloud 
potential at the point of origin of the stroke only rises 
slowly (at about 100 kV per microsec.). It does so 
probably because, for the cloud to acquire additional 
charge, streamers must be propagated from that part of 
the cloud to the surrounding parts of the cloud, and these 
streamers only advance with a velocity of the order of 
10 7 cm. per sec. 

It is of interest to re-examine Strigel’s results* in the 
light of the above work. His available recording speed 
exceeded the author's, but no leader stroke was observed. 
He suggests that a leader is distinguishable within I mm. 
(0 ■ 84 microsecond) of the main stroke for a 5-metre gap 
(3- 8-metre gap for negative point-plane), giving a leader- 
stroke speed of 6 x 10 8 cm. per sec.; but there is a large 
volume of published data to show that such gaps have 
far larger time-lags than this, and the most likely explana¬ 
tion of the " area of weaker light impression about I mm. 
wide ” is halation from the main spark. The " leader " 
is probably not recorded because of excessive speed of 
rotation and slow photographic speed. The absence of 
oscillographic records of time-to-sparkover prevents an 
alternative explanation from being given, but the spark¬ 
over voltage must have been near to the minimum impulse 
sparkover voltage, in view of the data on gap-length and 
applied voltage; and for this, time-lags are probably 
20-40 microsec.f 

Careful re-examination of the many photographs 
published by Terada and NakayaJ in the light of the 
above also reveals no trace of true leader-strokes, i.e. 
ionization from one electrode to the other followed by 
reverse development of the discharge. The resolving 
speeds were too low for the gaps used. The pre-discharge 
shown in the 1929 paper§ is really entirely separate 
from the succeeding discharge. A large time-interval 
separates the two, and they are merely of like form, 
just as successive sparks from a Tesla coil take similar 
forms due to residual ionization from any one spark 
leaving a low-resistance path for the succeeding spark. 

(4) THE SPARK DISCHARGE IN INHOMOGENEOUS 
FIELDS AT LOW PRESSURES 

(a) Description of Apparatus 

With a view to obtaining a better understanding of the 
mechanism of the long spark at atmospheric pressure, 
experiments were conducted at pressures below atmo¬ 
spheric. A glass cylinder 36 in. high and 16 in. diameter 
was fitted with a brass earthed plane electrode and a 
brass pointed high-voltage electrode spaced 30 in. from 
the plane. It should be noted that this spacing is large 
compared with the diameter of the plane and therefore 
the results are more comparable with those given by 

* Loc cit. 

t See H. J. White: Physical Review, 1934, vol. 46, p. 99; and P. L. Bellaschi 
and W. L. Teague: Transactions of the American I.E.E., 1934, vol. 53, p. 1038. 

J T. Terada and U. Nakaya (and R. Yamamoto) : Scientific Papers of the 
Institute of Physical and Chemical Research (Tokyo), 1928-31, vols. 8, 9,10, and 13 
(8 papers). 

§ Scientific papers of the Institute of Physical and Chemical Research (Tokyo), 
1929, vol. 10, p. 43. 



£20 


ALLIB ONE: THE MECHANISM OF THE LONG SPARK 


point-point electrodes than by a true plane electrode, 
•except when the discharge terminated in the central 
region of the plane. These details are noted in the 
description of the results obtained. 

The tube ends were sealed with low-vapour-pressure 
compound and the tube was evacuated by an oil rotary 
pump. The residual gas would in general be air of normal 
■composition; the chamber was repeatedly filled with air so 
that no great quantity of hydrogen was likely to have 
accumulated. The products of combination in the spark 
were left in the chamber during any one set of experi¬ 
ments, but no change in the character of the discharge 
which could be ascribed to a changing gas-composition 
was noticed. No drying reagent was introduced; the 
original air in the chamber would daily be at average 
humidity. 

More careful experiments in different gases are being 
performed and will be discussed elsewhere. The experi¬ 
ments were all performed with impulse voltages, and 
oscillograms were taken of all representative stages of the 
discharge. 

(b) Experimental Results 

It is to be expected that at pressures lower than 
atmospheric the time-lag of sparkover will be greater 
than at atmospheric pressure. As has been mentioned 
in Section (2), Dunnington* observed an increase of time- 
lag with diminished pressure using homogeneous fields. 
R. R. Wilsonf suggests that T varies as 1/a and 1/yX at 
one pressure: if pressure variation is considered, then it 
would appear that T also varies as 1/VA, where A is the 
mean free path of an electron. Thus T varies as Ijp. 
It was at once found that time-lags were larger at low 
pressures than at atmospheric pressure: for positive im¬ 
pulses, with the same circuit-resistance, values of 200 
microsec. for a 30-in. gap, instead of 20 microsec., were 
•obtained, and similar results were obtained for negative 
impulses. The time-lags observed on the oscillograph 
were in agreement with the separation of the leader from 
the main stroke to within less than 10 %. The same 
main phenomenon was observed as at atmospheric pres¬ 
sure : with negative impulses, leaders developed from the 
earthed plane as well as from the high-voltage point. 

The oscillograph proved of great assistance in interpret¬ 
ing the photographic results obtained on the stationary 
and moving cameras, and «vice versa. The breakdown 
process, which at atmospheric pressure is generally very 
rapid (the voltage falling abruptly from open-circuit 
voltage to zero in 10- 7 sec.) is more complicated at low 
pressures and takes place in one, two, or more steps, as 
reported by Tamm,| for very short (1- to 5-mm.) gaps in 
homogeneous fields. As a result of the present experi¬ 
ments, explanations can now be offered for the step in 
the breakdown records reported by the author§ 4 years 
ago. The results will be detailed in order of increasing 
pressure from 1 cm. to 76 cm. of mercury, but more 
•detailed analyses will be published later. 

(i) 1 cm. pressure. 

Point anode. —A bushel of diffused light extends from 
anode to cathode, expanding in diameter, as shown in 
Fig. 9a (see Plate 6). Positive-ion bombardment of the 

* Loc. cit. f Loc. cit. ' J Loc, cit. § Loc. cit. 


plate cathode causes intense patches of light (copper 
spectrum) at the cathode. 

Point cathode. —A similar bushel extends to the anode: 
the copper-spectrum patches of light now appear on the 
cathode rod. Streamers also develop from the plate 
upwards, as seen in Fig. 9c. - No breakdown occurs on 
the oscillograph unless the ascending and descending 
streamers meet. With chopped voltages (chopped after 
50-100 microsec.) the bushels extend only a short way 
from the high-voltage electrode. 

(ii) 2 to 6 cm. pressure. 

Point anode. —The bushel develops a sharply defined 
core of intense radiation and diminishes in diameter 
with increasing pressure. The path becomes more tortu¬ 
ous (see Fig. 9b). The rotating camera shows lags of 
100 microsec. between the first streamer development and 
final sparkover, but some microseconds before sparidTTcr" 
occurs a leader is obvious against a large background 
of corona. 

Point cathode. —A core develops at the cathode, and 
also, in a few records, from the edge of the anode plane 
upwards. The two discharges meet somewhere in mid¬ 
gap: in other records the cathode bushel contracts to a 
straight sharply-defined core directed to the centre of the 
anode plane. 

Breakdown at these pressures is now apparent on 
oscillograms and occurs in steps, as reported by Tamm* 
for very small gaps. When the cathode discharge meets 
as ascending anode streamer, time-lags are short: when 
it passes direct to the centre of the anode-plate, time-lags 
are long (100-200 microsec.). 

Fig. 9d shows a negative discharge from the point 
cathode, meeting a positive discharge from a point on the 
rim of the anode plane, and this gives a sudden step in the 
oscillogram. 

(iii) 6 to 24 cm. pressure. 

Point anode. —From this lower pressure upwards the 
main discharge is now concentrated, and leaders appear 
in all rotating-camera records of sparkover: at voltages 
lower than sparkover the corona contains one or more 
bright cores which would become the “ leaders ” to 
sparkover with a slightly higher voltage. Time-lags are 
of the order of 30 microsec., and with higher pressures the 
leader stroke is initiated without any apparent pre-dis¬ 
charge. Fig. 10a (see Plate 7) shows the corona develop¬ 
ing from the point at 6 cm. pressure, followed by three 
leaders, and the main stroke 65 microsec. after the initial 
corona formation. 

Fig. 10b shows the leader at 24 cm. pressure developing 
from the instant of application of voltage, and in 
51 microsec. the main stroke follows from plate to anode 
point. The leader exhibits much branching, which is 
not always copied by the main stroke. 

Point cathode. —At these pressures almost all dis¬ 
charges show twofold origin—cathode and anode. 
Fig. 10c (see Plate 8), for 6 cm. pressure, shows the 
cathode discharge; and from the centre of the anode plate 
a discharge grows up to meet the cathode streamer. It 
concentrates to a core similar to the mid-gap streamer 
investigated by Dunnington, f White,f and von Hippel 

* Loc. cit. | Loc. cit. 
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and Franck,* and then branches again with familiar 
positive-streamer formation. Sparlrover does not imme¬ 
diately ensue: an interval of 108 microsec. elapses. In 
this interval, many (5 or 6) discharges occur from cathode 
and anode, but no obvious " leader ” of the positive- 
leader kind develops. At 24 cm. pressure the discharge 
shows leaders at cathode and anode, that at the cathode 
being now indistinguishable in form from the positive- 
leader formation. Fig. 10d shows a good example of 
this: the time between leader and main stroke at the 
cathode point is 19 microsec. and at the anode plate is 
16-8 microsec. The anode leader shows strong upward 
branching. 

(iv) 24 to 76 cm. pressure. 

Point anode .—There is now no further change in type 
of discharge from that reported at 24 cm. in Fig. 10b. 
Fig. 10 e 7 at 42 cm. pressure, shows a leader 24 microsec. 
in front of the main stroke, and the multiple branching 
results in a shower of corona extending to the earthed 
plate. 

Point cathode .—Unfortunately at these pressures the 
discharge from anode-plate upwards clung to the glass 
wall and made the interpretation of photographs difficult. 
Negative and positive leaders are just distinguishable, but 
no record at 42 cm. pressure is suitable for reproduc¬ 
tion : the results at 76 cm. are to be found in the preceding 
Section. 

(c) R&sum6 

It is impossible to compare the above results with other 
records, as no rotating-camera photographs of low- 
pressure discharges have (to the author’s knowledge) 
been previously taken. Von Hippel and Franclcf remark 
that, at low pressures, electron avalanches no longer 
suffice for building up space charge, owing to the low 
value of a. (If X/p is unchanged at low pressures, as 
seems to be the case down to 6 cm., then a is only of the 
order of 0 • 05-0 • I, and one electron only produces 
100-130 electrons in traversing the whole length of the 
chamber.) 

This seems to be borne out by the fact that no true 
leader formation is apparent until pressures of 6-20 cm. 
for a 30-in. electrode gap are attained. This also explains 
qualitatively why the time-lags are so long, but no 
quantitative explanation can yet be offered. The simul¬ 
taneous development of discharge from anode and 
cathode with point cathode yields the double-stepped 
type of breakdown on the oscillogram, and there is 

* Loc. cit. f Loc. oil. 


evidence to show that the anode leader starts some time 
after the start of the cathode leader (see caption to 
Fig. 10d). At present, therefore, it would appear that 
negative discharges do not necessarily propagate them¬ 
selves more rapidly than positive discharges (as evidenced 
by time-lag measurements in papers already cited), but 
that shorter time-lags with negative point electrode may 
be due to the simultaneous growth of streamers of the 
kind shown by the stationary camera—in Fig. 4 at atmo¬ 
spheric pressure and in Fig. 10d at partial atmospheric 
pressure. 

(5) CONCLUSIONS 

Study of the long spark reveals that “ leader ” strokes, 
of the kind first discovered in the lightning flash by 
Schonland and others, precede the main spark at atmo¬ 
spheric pressure and at pressures down to ■§• atmosphere. 
From positive point electrode to plane earthed cathode 
these leader strokes are of a simple nature: from negative 
point electrode to plane earthed anode the cathode leader 
is met by a rising anode leader—at least under all circuit 
conditions so far examined—and if points project from the 
plane electrode then the anode leader from these points is 
always present. The leaders branch as they develop, 
and the main stroke follows the path of the leader and of 
the branches. The speed of the leader development can 
be controlled by variation of circuit constants, and since 
in the lightning flash the charge has to be collected from 
the raindrops or ice particles in the cloud, the “ resis¬ 
tance ” within the cloud may be expected to vary over a 
wide range; this alone would appear to result in a varia¬ 
tion of speed of leader propagation, exactly as found in 
the laboratory experiments described above. 

Velocities of leader-stroke propagation are lower than 
those encountered in the lightning discharge, but further 
research will be directed to afford a better understanding 
of the leader-stroke mechanism. 
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SUMMARY 

From a consideration, of the physical phenomena involved 
in thermionic conduction and in thermal or Johnson noise, 
it is deduced that the noise in a space-charge-limited valve is 
best expressed as a thermal noise, and it is shown that a 
small correction must be applied to the valve slope resistance 
to give the value of resistance effective as a noise source. 
The theoretical temperature of this resistance is then shown 
to be approximately half the cathode temperature. In a 
temperature-limited valve, both the resistance and the tem¬ 
perature of the conducting path are indeterminate. The 
” pure shot noise ” formulae are applicable to this case, and 
represent the maximum noise which can result from the pas¬ 
sage of a given current through the system. It is incorrect, 
however, to state that in space-charge-limited conditions 
" pure shot noise ” is smoothed out, while thermal noise in the 
internal resistance of the valve appears as an additional factor; 
shot noise and thermal noise in the valve’s internal resistance 
are essentially the same phenomenon, but are modified by the 
differing conditions of electron transit. 

Nyquist’s expression for thermal-agitation noise is derived 
from the atomic mechanism in the case of a metallic con¬ 
ductor. 


(1) INTRODUCTION 

The author might perhaps be accused of temerity in 
attempting a theory of such weighty subjects as shot 
noise and thermal-agitation noise without having the 
backing of any experimental work; but from discussion 
with workers in this field there seemed to be scope for 
one with training as a physicist to endeavour to interpret 
the results of other radio workers, even though statis¬ 
ticians regard the problem as unpromising. Those who 
are familiar with the subject are asked to forgive the 
elementary treatment of simple shot noise with which 
the paper opens; it is included because it appears to be 
an appropriate starting point in the search for a coherent 
theory based on fundamental principles. 

Although in the realm of mechanical engineering we 
do not find the atomic structure of matter forcibly 
brought to our notice, yet in electrical technique we have 
already reached the stage where the discrete nature of 
the electric current is clearly perceptible. As an extreme 
instance of the sensitivity attainable by thermionic-valve 
methods, an electrometer valve can be made to detect a 
current of the order of 10~ 18 ampere—say 10 electrons 
per second. If the indicating system could be made of 
sufficiently short time-constant, such a current would 
necessarily be found to be non-uniform, but. other 
information is required to predict whether the variation 
will be a regular 0-1-second cycle, or an irregular 
distribution subject only to the constancy of the long- 
period mean. (Actually, these minute currents can at 


present be measured only by a condenser-charging 
method, so we are very far from the required rapid 
indicating system, which would give the direct experi¬ 
mental answer to this question.) Considering only 
electron currents (i.e. disregarding any phenomena such 
as electrolysis or gas discharge, which depend in part 
on conduction by heavier ions) we may distinguish, 
between electrons travelling within a conductor and 
those travelling through free space; in the problem of 
valve noise we are concerned with the latter category. 
Now electrons may be emitted from conductors into 
space by various mechanisms—radio-activity, thermal 
emission, photo-electric emission, and ionic or electronic 
bombardment (the last including secondary emission). 
Atomic physics shows that all these processes are essen¬ 
tially " random,” meaning that although it is possible 
to predict the mean value of any quantity involved, 
from statistical laws based on previous observations of 
large numbers of events—just as actuaries will determine 
a statistical value for the length of life of any class of 
persons—yet the behaviour of the individual unit, when 
we come down to atomic phenomena, is as incalculable 
as the life of an individual human being. 

It is reasonable to assume, therefore, that the electrons 
constituting the currents in a thermionic valve are 
emitted at random times. Suppose, then, that five 
different currents, each having a mean value of 10 elec¬ 
trons per second, could be observed for 2 seconds, and 
that the 20 electrons in each were found to be dis¬ 
tributed over the 2 seconds in the manner represented 
by the curves lettered A, B, C, D, E, in Fig. 1, where 
the 2-second period has been divided into intervals of 
l/10th second. In each current the mean number of 
electrons is 1 per 0 • 1-second interval, but the indi¬ 
vidual values vary between 0 and 4 electrons per interval; 
while adding all five currents together, giving a mean 
value of 5 electrons per 0-1 second, is seen from the 
curve marked “ Sum ” to produce variations from 2Jo 12, 
Although this diagram has not, of course, any great 
quantitative significance,* it clearly illustrates that as 
the number of electrons with which we are dealing 
becomes greater (i.e. the current is increased) the rate 
of flow becomes relatively smoother, but the absolute 
value of the variations is larger. Thus, on the one hand, 
large currents are for ordinary purposes regarded as 

* The random distributions of Fig. 1 were obtained by dfawing lots as follows. 
Cards numbered 1 to 20, corresponding to the 20 intervals of the period plotted, 
were shuffled and draws were then taken at random; after noting the number 
each card was replaced and shuffled, the process beingrepeated until 100 numbers 
had been drawn. The first 20 of these numbers, in order of drawing, were taken 
to represent the numbers of those intervals of the period during which an 
electron passed for current A, and successive batches of 20 for the other currents. 
The number of electrons attributed to the mth interval of 0-1 second is thus 
equal to the number of occasions on which a card numbered n was drawn during 
the 20 draws representing the particular current. The result should be genuinely 
“ random.” 
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uniform, while on the other hand the shot noise in a 
temperature-limited valve increases in proportion to the 
■current. If in a wireless receiver the steady current of 
the valve in each stage of amplification were in propor¬ 
tion to the signal strength, so that the anode current 
in each valve was approximately 100 % modulated by 
a strong signal, this type of phenomenon would still 
cause a deterioration of signal/noise ratio as the sensi¬ 
tivity was raised, since the smaller currents in the input 
circuit would then be subject to a large relative fluc¬ 
tuation; this corresponds to the case of a photocell 
combined with an electron-multiplier. The increase of 
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noise here arises from the fact that with decreasing signal 
amplitude the charge conveyed across a valve per half- 
cycle of signal current is becoming more comparable 
with the charge on a single electron. But in a normal 
amplifier one might expect a far’worse state of affairs, 
since the current in the first valve depends upon the 
type chosen, and the size of valve cannot be indefinitely 
reduced in proportion to the signal strength. Actually, 
however, the ordinary thermionic amplifying valve works 
under conditions of space-charge limitation (not tem¬ 
perature limitation), and it is known that the valve noise 
is then less than predicted by the simple shot-noise 
theories. The noise in the presence of space-charge 
limitation is discussed later in this paper. 


(2) TEMPERATURE-LIMITED CONDITIONS 
Existing theories, which are well supported by experi¬ 
mental results in the temperature-limited regime, show 
that the mean square of fluctuation voltage at the anode 
of a temperature-limited diode is directly proportional 
to the magnitude of the current from which it arises. 
Moullin and Ellis,* for example, give the formula 

Ff = Iav.eRK 20).(1) 


where V 2 is the mean-square shot voltage in an anode 
circuit, having resistance R shunted by capacitance C, 
connected to a diode having temperature-limited anode 
current of mean value I av .- For an oscillatory anode 
circuit they give 


V 2 S 


_ Igy&L 

~ 2AC 2 


+ F 2 ) 


( 2 ) 


where F ~ RI(co 0 L). Now for a good tuned circuit 
Rl(co 0 L) at resonance (co 0 = 27r times the resonant fre¬ 
quency) is of the order of 10~ 2 , so that F 2 is negligible 
compared with unity. Writing L/(RC), the dynamic 
resistance of the circuit, as R', the formula for noise in 
a tuned circuit becomes 

Ff = IavfiR'/m .... (3) 

which is of the same form as (1), but employing the 
dynamic resistance of the circuit in place of an ohmic 
resistance. It is interesting to note that in (3) the 
factor G still appears in the denominator. This suggests 
that the use of a tuned circuit of low LjG ratio with 
low resistance will give the best signal/noise ratio for a 
given amplification, i.e. for constant value of the dynamic 
resistance R'. However, this policy is limited firstly by 
the difficulty of lowering the resistance sufficiently to 
maintain the desired value of dynamic resistance, and 
secondly by the increasing selectivity which results from 
the small decrement and tends to limit the band-width. 
It may be said, in fact, that the reduction of noise has 
been obtained at the expense of decreasing the band¬ 
width. 


(3) SPACE-CHARGE-LIMITED CONDITIONS 

So far we have only mentioned conditions covered by 
equation (1), which is based on the assumption that the 
time of transit of the electrons is so small as to have 
no effect on the noise spectrum, and that the arrival of 
electrons at the valve anode is f ' random,” i.e. that the 
emission of an electron is not influenced by the time at 
which any previous electron was emitted, or arrived 
at the anode, but is controlled solely by the combina¬ 
tion of the external electric field (due to potentials on 
the various electrodes of the valve) and its own energy 
of thermal agitation within the cathode. Experimental 
results support this equation for temperature-limited 
conditions; but when there is sufficient surplus emission 
to form a considerable space-charge it is found that the 
noise is substantially reduced. Indeed, the existence of a 
finite anode-slope resistance shows that the charge on 
the anode (which is dependent upon the . number of 
electrons that have previously arrived there) must have 
some influence on the adventures of electrons emitted 

* See Reference (1). 
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at a later time, and therefore casts some superficial doubt 
on the hypothesis of truly random emission. 

It is generally agreed that with this space-charge 
(which is after all the practical worldng condition in 
some part of the electrode system of every amplifying 
valve) the envelope of noise voltage, i.e. the larger 
fluctuations arising from the random arrivals of numerous 
electrons, as illustrated in Fig. 1, must produce an 
opposite fluctuation in anode current, just as much as 
would occur with any signal voltage developed across 
the external circuit and appearing as a potential on the 
anode. (The noise envelope is of course a function of 
the characteristics of the external anode circuit, as well 
as of the fluctuation in the current arriving at the anode.) 
If then the valve has slope resistance R a and the external 
circuit is as assumed for equation (1), this effect is 
believed to cause a reduction in the shot-noise energy 
by a factor R a f(R a -f- R), giving the Moullin and Ellis 
equations 



for the total noise voltage, and 

for the noise voltage in a narrow band of frequencies df. 
For lack of a better name, the theory represented by 
equations (1) to (5) will be referred to as the " pure shot ” 
theory, which does not explicitly consider events taking 
place within the space-charge, but only the arrival of 
electrons at the anode. According to this view, shot 
noise is as a first approximation expressible solely in 
terms of the magnitude of the current arriving at the 
anode [equation (1)]; after allowing for the effect of 
external-circuit characteristics and internal resistance of 
the valve on the voltage actually generated on the anode 
[equations (4) and (5)], any corrections required under 
space-charge conditions are outside the scope of this 
theory. Actually, however, it is agreed by all experi¬ 
menters that valve noise is greatly reduced, but never 
completely abolished, by space-charge limitation of the 
anode current. 

Llewellyn* and a number of American workers, on the 
other hand, take an entirely different view, leading to 
what may be briefly described as the " thermal noise 
plus shot noise ” theory. They consider that there are 
two separate sources of noise within the valve. First, 
random emission from the cathode in the temperature- 
limited condition must cause an exactly corresponding 
random arrival at the anode, and hence give rise to 
“ P ure shot noise.” But Llewellyn considers that when 
space-charge is present it smooths out the random 
emission from the cathode, so that arrival at the anode 
is no longer random, the smoothing being proportional 
to a factor (dl/dl c ) 2 ; the pure shot noise is to be multiplied 
by this factor to give the shot noise modified by space- 
charge. (I is the actual anode current, and I c the total ' 
emission from the cathode.) Thus with complete space- 
charge limitation, dlldl c = 0, shot noise should vanish. 
But in addition to pure shot noise there is said to be 

* See Reference (2). 


" thermal noise ” within the valve, for it is argued that 
since the valve has an effective slope resistance R a it 
must on general grounds of thermodynamics give rise 
to the amount of thermal-agitation noise (or " Johnson 
noise ”) appropriate to such a resistance. 

Experimentally, neither theory has proved satisfac¬ 
tory. The difficulty with the thermal-noise-plus-shot- 
noise theory has been that in order to correspond to the 
observed values of slope resistance and noise the tem¬ 
perature of the internal resistance must be somewhere 
about one-half of the cathode temperature; it has in the 
past seemed a natural assumption that the slope resis¬ 
tance should be at a temperature equal to that of the 
cathode, but no published paper has covered this 
question adequately.* The value of the total emission 
I c for use in the factor dl/dl c is also a matter of some 
difficulty, not only with dull emitters but apparently 
even with pure tungsten cathodes. Pearson, for example, 
published some experimental results in support of the 
thermal-noise-plus-shot-noise theory against the pure 
shot-noise theory.f He found it necessary to resort to 
an extrapolation method to eliminate the effects of 
external field on the temperature-limited emission from 
his tungsten cathode; even so, at very small currents 
(low filament heating) his values of I c were subject to 
inaccuracy, for he obtained in the worst case dljdl c 
= 1-03, i.e. the current to the anode increasing 3 % 
faster than the reputed total emission from the cathode. 
The exponents of the pure-shot-noise theory, on the other 
hand, have not produced any alternative theory for the 
reduction of shot noise by space-charge. 

(4) THERMAL NOISE IN A VALVE 

The present author was therefore faced with the 
problem of first finding the weaknesses and strengths of 
the two theories referred to above, and then endeavouring 
to construct a more adequate hypothesis. As regards 
thermal noise, the author is sufficient of a physicist by 
training to regard thermodynamics, when properly 
applied, as an infallible instrument; there appears to 
be no flaw in Nyquist’s thermodynamic proof of the 
universality of thermal-agitation noise, whatever may 
be the magnitude of such noise.J Moullin objects that 
within the valve there is no collision between free elec¬ 
trons and fixed molecules, so that, the mechanism of 
ordinary resistance being absent, thermal agitation noise 
which arises in solid conductors should also be absent. § 
But consider a resistance connected between grid and 
cathode of an amplifying valve; thermal noise arising 
from this resistance is apparent only as a varying charge 
on the grid of the valve, and, though we may fairly 
deduce therefrom that there is a random motion of 
electrons in the resistance, we need independent evidence 
to determine how that random motion is caused. Simi¬ 
larly, if the electrons within the anode stream of a valve 
have random components of velocity, they can produce 
a ” noise ” voltage which is indistinguishable from that 

„. * A P a P? r on this question by B. J. Thompson and D. O. North was presented 
v ochester meeting of the Institute of Radio Engineers, 16th November, 
form t>U *' S ° ^ ar aS au ^ or * s aware this has only been printed in abstract 

See Reference (3). 

„ . See Reference (4). An alternativetoNyquist’s derivation of the magnitude 
and temperature dependence of thermal-agitation noise is given at the end of 
this paper. § See Reference (1). 
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produced by a metallic resistance, though the mechanism 
of collision with fixed molecules is not present; we have 
to rely upon the thermodynamic proof, however, to 
assure us that the relation between magnitude of noise 
voltage and magnitude and temperature of resistance is 
the same in both cases. Actually some correction will 
be required, since a valve is not a true ohmic resistance 
but has a curved characteristic. Nyquist's argument 
is based on the power absorbed, which, when a voltage 
V is applied to a resistance R, is equal to V 2 JR ; bearing 
this in mind, we can find the relation between slope 
resistance E a (i.e. tangent to the characteristic) and the 
value of resistance R' effective for thermal noise in any 
particular shape of characteristic. For example, if the 
characteristic is 

i = a V s I 2 .(6) 


the power may be expressed as 

P = iV - aF 5 / 2 


• (?) 


To find the additional power absorbed when a small 
extra voltage, e.g. a " noise ” voltage, is superimposed 
upon the mean applied voltage F, equation (7) is 
differentiated. Thus 


dP 5 
— = -aF 3 ' 2 
dV 2 


• ( 8 ) 


Now for a true ohmic resistance of value R' we have 

P = F 2 IR' 

dP/dV = 2F/P'.(9) 

We therefore adopt as the definition of the value R' of 
resistance effective for thermal noise in any circuit 
element, the expression derived from (9), 


R' = 2 VI 


. J dP 

I dV ' 


( 10 ) 


For the 3/2-power characteristic, therefore, we find from 
(8) and (10) that 

w _ 2V (U) 

K ~ (5/2)aV 8 l 2 ‘ ' ’ ‘ * * 1 

This is related to the slope resistance R a by writing 

R a dV 2 V ' 

so that combining (11) and (12) we have 

R' = QRJ5 .(13) 

Another important characteristic is the 5/2-power law:— 


R' 


i = aV 5 ' 2 . 

. . (14) 

P = aF 7 ' 2 . . . 

. . (15) 

— = laVW . . . 

• • (16) 

dV 2 

2 v\ dP = i 1 . 

IdV 7 * aV 3 P 

• • < 17 > 


But 

Vol. 82. 


1 IRa = - n aW* 


Therefore R' = —R a .(18) 

The third characteristic of practical interest is expo¬ 
nential :— 

i = ae bv .(19) 

lfR a = dbe hV 

P = dVe w 


dP/dV = ae bV { 1 + bV) . . . . (20) 


2 bVRa_ 

1 +hF ' 


( 21 ) 


It will be noticed that in all these cases the value 
of R' is greater than R a , so that the thermal noise from 
a valve of slope resistance R a is slightly greater than 
from an ohmic resistance of value R a . Alternatively, if 
the temperature of the valve's internal resistance is 
calculated from the observed noise voltage and the 
value of R a (in place of the correct value R'), the ^tem¬ 
perature so deduced will be higher than the tine tempera¬ 
ture by a factor such as 6/5 or 10/7. 


(5) “PURE SHOT NOISE” THEORY 

The next question is whether there is in addition to 
thermal noise a separate shot noise; the author believes 
there is not. Thermodynamic reasoning, as usual, indi¬ 
cates the overall relations between the valve, regarded 
as one unit, and the external circuit, without revealing 
the internal mechanism within the valve. The random 
arrival of electrons at the anode, in other words " shot 
noise,” is the expression of the fact that the electrons 
have a certain random component of velocity which 
represents the thermal agitation of the electrons, and 
must therefore be related to thermal noise. It will be 
shown later in this paper that a proper consideration 
of the temperature of the valve’s internal resistance 
makes it possible to unify these two aspects of the 
phenomenon. But, if so, what of the pure shot equation 
[equation (1) above] for which Moullin states that the 
sole condition for shot-noise power to be proportioffal 
to the magnitude of the mean anode curi*ent is that the 
arrivals of all electrons shall be random ? On this view, 
the noise does not depend upon the magnitudes of the 
random components of electron velocities, i.e. the tem¬ 
perature of the electrons, but only on the absolute 
independence of the events constituted by the arrivals 
of the several electrons at the anode; and the general 
statement made by some writers that the space-charge 
“ smooths out the irregularities of the emitted current ” 
is unsatisfactory, since it can be shown that space-charge 
does not destroy the random nature of the electron 
emission from the virtual cathode. 

Moreover, a direct antithesis to the frequency-spectrum 
method employed in Moullin’s derivation of equation (1) 
is provided by the work of T. C. Fry.* Fry denies the 
existence of a frequency spectrum of shot noise, and 
states that ,r If electrons have been emitted in a statis¬ 
tically steady stream for infinite time past, the proba¬ 
bility of the spectrum corresponding to this emission 
having any pre-assigned ordinate at any given frequency 

* See Reference (5). 
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is zero, and the probability that the ordinate exceeds 
any finite quantity, however large, is unity.” This 
claims to rule out any derivation in terms of a spectrum 
determined solely by the number of electrons emitted. 
But examination of the two papers (Fry’s and Moullin’s) 
reveals the critical point at which their analyses diverge 
to such opposite conclusions. Both authors find a 
Fourier integral representing the pulse produced by the 
passage of a single electron from cathode to anode, in 
which the shape of pulse does not affect those frequencies 
whose period is large compared with the time of transit 
of the electron, i.e. the frequencies which are of interest 
for normal radio work; they then proceed to sum the 
effect of a large number of electrons arriving in random 
phase, and the crux of the question is the length of 
period over which the summation is to extend. Fry 
sums over an infinite period, and hence finds that the 
resultant for any frequency is infinite, being the sum of an 
infinite number of vectors of equal magnitude but random 
phase. In corroboration of this result. Fry quotes Ein¬ 
stein's equation for the Brownian motion as a parallel case 
where the sum of a number of vectors in random phase 
tends to an infinite resultant as the number of vectors 
tends to infinity. Moullin, on the contrary, sums over a 
finite period such that N electrons have passed, and quotes 
a statistical theorem that the sum of N equal vectors in 
random phase is equal to N% times the magnitude of each 
single constituent vector. The present author believes 
that the period of summation should be finite and related 
to the time-constant of the apparatus used to measure 
the noise voltages; the time-constant in question should 
probably be that of the first integrating element in the 
amplifying and measuring chain, the nature of which 
naturally depends upon the actual apparatus in use. 
This rules out Fry’s result, but does not thereby justify 
Moullin’s: it remains to be determined whether the 
period of the summation is in fact such that the statis¬ 
tical theorem which he quotes is applicable. 

There seems to be some doubt among statisticians as 
to the significance of any limiting value of a property 
of a collection of events which are unlimited in number. 
(See, for example, N. Campbell’s paper on " The Statis¬ 
tical Theory of Errors,”* particularly pages 802 and 
803 of that paper.) The problem is, that if € is the 
deviation of the actual sum of a particular collection 
of N unit vectors in random phase, from the statistical 
value of N$, how large must N be in order that the 
probability of Exceeding a tolerable limit of error e 0 shall 
be less, than a chosen small quantity S ? This is a 
complicated question, since it involves firstly the limit 
of error e 0 which can be tolerated, and secondly the 
probability 8 of exceeding this limit, which shall for 
practical purposes be regarded as zero probability. 
That N can.be sufficiently large in atomic phenomena 
for the difference between actual and statistical values 
to be imperceptible is evidenced by the successful treat¬ 
ment of ordinary liquids and gases in bulk as continuous 
fluids. A recent paper by E. N. Rowlandf discusses 
the problem mathematically. Taking the case of random 
distribution of events governed solely by a constant 
probability (this corresponds to what was rather loosely 
described as “ constant mean current ” in connection 

* See Reference (6). -f Ibid., (7). 


with Fig. 1), and supposing observations to be made of 
the resultant effects of numbers of these events occurring 
in a series of limited intervals of time, the problem 
considered by Rowland is whether any meaning can be 
attached to the mean value of the resultant effect 
averaged over infinite time, and, if so, whether it can 
be related to the averages obtained over finite intervals 
of time. He concludes that, provided the intervals of 
observation are sufficiently long, we may take the mean 
value found in any single interval of observation as a 
reasonable physical estimate of the corresponding 
quantity averaged over all time. He does not, how¬ 
ever, give a criterion of the time which is sufficiently 
long, nor the corresponding tolerance of error implied 
by the term “ reasonable physical estimate.” In the 
terms in which the problem was stated above, Rowland’s 
paper gives rigorous proof of the experimental deduction 
from the kinetic theory of fluids, that as N tends to 
infinity, e 0 and 8 tend to zero; but it does not give the 
numerical relation between the three quantities for 
values of N other than infinity. The " spectrum ” 
derivation of equation (1). is therefore left as of unknown 
quantitative accuracy but at least qualitatively correct;* 
it fails to explain the reduction of noise by space-charge, 
but it may be that this is due to a misunderstanding of 
the event constituting the unit vector under conditions 
of space-charge. 

(6) PHYSICAL CONSIDERATIONS 

As an introduction to an alternative method of calcu¬ 
lation, let us return to Fry’s paper, and adopt his 
definition that “ The Schroteffekt will be measured by 
the difference between the energy actually dissipated in 
the circuit and the energy that would be dissipated if 
the electron stream were a uniform flow of a continuous 
fluid.” By calculating the energy that would be dissi¬ 
pated in the attached -circuit for a single electronic 
charge instantaneously transferred from cathode to 
anode of the valve, he deduces the expression 

W — vW 1 + W 0 . . . . (22) 

where W is the total energy dissipated in the circuit, 
W 0 the steady-current energy, v the number of electrons 
emitted, and W 1 the mean over all electrons of the 
energy which would be dissipated in the anode circuit 
on the emission of a single electron. The noise energy 
is then vW v 

Before proceeding further, it is necessary to deal with 
the doubt, expressed by Fry, whether the disturbance 
to the external circuit caused by the arrival of a single 
electron can obey the same laws as the disturbance due 
to a large charge; for example, how can the charge on ‘ 
a condenser decay exponentially if that charge consists 
only of a single indivisible electron ? This problem was 
also considered by Rowland, who calculated the shot 
noise in a circuit connected to a temperature-limited 
diode according to two different hypotheses: (a) the 
electrons arrive and depart suddenly from the anode, 
having a random distribution of length of life on the 

* is, of course, assuming the validity of Rowland’s analysis, which the 
present author is not competent to question. 
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anode, subject only to the half-life constant being such 
as to give the correct mean value of current; or (6) the 
charge on the anode due to each electron decays expo¬ 
nentially, just as a charge consisting of numerous 
electrons would. He is surprised to find that it is 
hypothesis ( b) which gives the result in accordance with 
the experimentally verified equation (1). But if one 
regards the electromagnetic field as the ultimate reality, 
as in Poynting’s theorem for example, this is a reason¬ 
able result. The quantum of electromagnetic energy of 
radio frequencies is so small that the electromagnetic 
field may here be regarded as continuous. The unit 
charge remains undivided, but the effective charge on 
the anode gradually decreases as the electron recedes 
from it. 

Returning to equation (22), let us consider the general 
conservation of energy in the system comprising the 
valve, arlode circuit, d.c. anode supply source, and hot 
cathode. The d.c. anode supply is not likely to be the 
source of the noise energy, which is made up of alter¬ 
nating voltages; it might be argued that the random 
nature of the emission would modulate the steady anode 
current and thereby enable some of the energy supplied 
by the battery to be converted to. a.c. energy, but one 
would then expect the noise energy to be proportional 
to the energy in the steady current. This is not sup¬ 
ported by experiment, for the noise energy in a tem¬ 
perature-limited diode depends only on the anode current, 
and not on the anode voltage; it therefore seems reason¬ 
able to suppose that the energy supplied by the battery 
is always W, the same as would be expended if the 
current flow were uniform and continuous. The re¬ 
maining energy vW^ involves the mean of a number of 
energies W v each of which is characteristic of some 
individual electron, not of the external circuit or applied 
voltages; and the most obvious form of energy which is 
peculiar to every particle of atomic dimensions is thermal 
energy. It is therefore a plausible hypothesis to suggest 
that vW 1 is the thermal energy of the electron stream 
constituting the anode current; it is therefore a function 
of the temperature of the virtual conductor (or resistance) 
within the valve. The shot-noise energy is therefore 
derived from the random component of kinetic energy 
(i.e. the thermal energy) of the electrons in the anode- 
current stream, which in turn is derived from the thermal 
energy of the cathode. Yet despite the obvious sugges¬ 
tion of a " thermal ” energy in W v Fry finally deduces 
for the noise energy in a circuit attached to a valve an 
expression which is a function only of current, and not 
of any value of energy associated with the electrons 
constituting the current. 

The reason is that he assumed the instantaneous 
passage of each electron from cathode to anode, whereas 
the only way in which the thermal-agitation energy of 
the electrons can make itself felt is in variation of the 
velocity of the electrons between the valve electrodes, 
a possibility which is excluded by the assumption of 
instantaneous transit, since this implies that all electrons 
alike have infinite velpcity. 

As a purely qualitative example of the effect of transit 
velocity on the resultant energy expended in the circuit, 
consider Fig. 2, where 0 represents the capacitance 
between the anode and cathode of a valve, and the 


resistance R the external circuit. If now charge g is 
transferred from plate “ a ” to plate " b ” of condenser C 
instantaneously, the energy introduced into C, and 
afterwards dissipated in R, is g 2 /(20). Now let the 
charge be transferred from “ a ” to " b ” over a finite 
time, according to the following rather artificial hypo¬ 
thesis. First a charge |-q is transferred instantaneously, 
charging G to a potential qf(2G), then a current flows 
such as to maintain this potential difference across R 
until the remaining \q has passed. The energy asso¬ 
ciated with the initial instantaneous transfer of \q is 
q 2 l(8C), and will be dissipated at the end of the cycle of 
operations, when the condenser discharges from potential 
q/{2C) to zero. The current required in the second stage 


C 
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R 

Fig. 2 

is i = q/(2GR ) [since it is required to maintain a potential 
ql(2G) across the resistance Rj so that the energy dissi¬ 
pated by this current is 

i*Rt = g 2 «/(4C 2 R) .... (23) 

where t is the time of current-flow and is given by 

t = ql{2i) = (g/2) (2 CR/q) = CR 

Therefore v*Rt — g 2 /(4(7) . . . . (24) 

The total energy in the cycle of operations is 
g 2 /(4(7) + q 2 /{80) — 3g 2 /(8<7), against g 2 /(2C) for instan¬ 
taneous transit. Thus the electronic velocity of transit 
should influence the energy dissipated in the external 
circuit, and the noise energy as calculated by Moullin 
and Fry on the assumption of instantaneous transit 
should be a maximum value. This appears to be in 
general accord with experimental evidence. 

It might at first be thought from the above that .the 
reduction of noise in the presence of space charge is due 
to the increased time of transit of the electrons from 
cathode to anode; but this is not so, for the time of 
transit under normal working conditions is short— 
Moullin {loc. cit.) quotes 10- 9 second—-so that the idea 
of instantaneous transit would be justified on this score. 
But there is another way of regarding the problem. 
For example, consider a hypothetical valve in which the 
electrons are emitted regularly, and in such numbers 
that their periodicity corresponds to a frequency much 
higher than can be detected by radio apparatus; such a 
valve would give zero noise, however long or short the 
transit time of the electrons, for the regular wave-form 
could only produce frequencies above the range of the 
apparatus, whatever the shape of the constituent pulses 
of the wave-form. Next imagine a single gas molecule 
or similar body to be projected across the direction of 
the current flow, and stop one or two electrons by 
collision. The stoppage of these electrons will cause a 
minute pulse to be superimposed upon the steady 
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current-flow in the external circuit, i.e. will give rise to 
“ noise.” From this example we see that deviations of 
electron velocities from a mean value can cause noise, 
and we must therefore regard the velocities of the 
electrons in any space-charge-limited valve as made up 
of two components:— 

(a) All the electrons have an equal mean velocity, 
corresponding to the observed steady current, and if 
they had no other component of velocity the noise would 
be zero in a practical circuit. 

( b ) Each electron has an individual random velocity 
of thermal energy, the magnitude of which controls the 
amount of noise arising in the circuit connected to the 
valve. 

Temperature-limited valves, on the other hand, and 
any valves whose electrode systems are such that they 
behave in a similar way, cannot conveniently be regarded 
from this point of view; for it will be realized from the 
investigation that follows that it is not possible to assign 
a temperature to the anode stream of a temperature- 
limited valve, and in the absence of space-charge there 
is no significance to be attached to the " mean velocity ” 
shared by all electrons. 

(7) TEMPERATURE OF THE ANODE CURRENT 

STREAM 

Earlier in this paper it was stated that a valve which 
can behave as a resistance must for thermodynamic 
reasons be a source of noise energy of magnitude appro¬ 
priate to its resistance and temperature. But it was 
pointed out that corrections are necessary when the 
conducting path does not obey Ohm’s law, a caveat 
which applies very strongly, for example, to the tem¬ 
perature-limited diode whose '' resistance ” is infinite 
but noise energy finite. It has now been suggested that 
the source of the noise energy is the random motion of 
the. electrons during their flow from cathode to anode; 
this is practically identical with the mechanism of 
thermal noise in metallic conductors.* Since it is thus 
fair to regard fluctuation noise in a valve having a finite 
resistance as a thermal effect, it is necessary to find the 
effective temperature of the electrons constituting the 
valve’s anode current, i.e. the temperature of the valve’s 
resistance. 

" Temperature ” must first be defined. It is a 
statistical property of a collection of particles, propor¬ 
tional to the average kinetic energy of random motion 
possessed by the constituent particles. The term 
" random motion ” is intended to exclude the kinetic 
energy due to any velocity common to all the constituent 
particles. Thus a quantity of gas flowing through a 
pipe at high speed gains additional kinetic energy by 
its flow, but this does not constitute an increase of 
temperature, neither does the mean velocity of an 
electron stream from cathode to anode under the in¬ 
fluence of an external source of e.m.f. add to the tem¬ 
perature of the electrons. 

O. W. Richardson f showed by thermodynamic reason- 

* The difference is that in a metallic conductor the electrons are in thermal 
equilibrium with the molecules of the conductor, so that their temperature 
can be measured by any normal thermometer; in parts of the space-charge, 
on the other hand,-.’there is no thermal equilibrium between electrons and 
molecular matter,-so their temperature must be calculated from their history 
since leaving a body having a measurable temperature (i.e. the cathode). 

| See Reference (8). 


ing that electrons emitted from and in equilibrium with 
a hot conductor have a Maxwellian distribution of 
velocities corresponding to the same temperature as the 
conductor; he also found this to be in agreement with 
experimental evidence. It appears that this hypothesis 
still stands, for Hume Rothery in his book (“ The 
Metallic State,” pp. 142-3) states that “ within the 
limits of the experimental methods the electrons emitted 
from pure metals in a high vacuum have velocities in 
accordance with the Maxwell law. . . .” It seems 
certain that if any two systems are capable of exchanging 
thermal energy, they will in equilibrium be at the same 
temperature. Such exchange of energy is possible 
between a hot conductor and electrons surrounding it, 
by means of both emission and absorption of electrons 
and reflection at the surface of the conductor. 

In a thermionic valve working with a fair amount of 
space-charge limitation there will be a potential minimum 
at some point close to the cathode; all space-charge 
between this and the cathode has a free exchange with the 
cathode and is therefore at the same temperature. But 
the passage across the boundary line formed by the 
potential minimum is an irreversible process: any electron 
which passes this dividing line is inevitably swept across 
to the anode. There is therefore no thermal exchange 
between the cathode and the electrons between potential 
minimum and anode, and the temperature of these 
electrons might therefore differ from that of the cathode, 
and must now be calculated. 

From the point of view of noise voltage generated in 
the external circuit, we are concerned only with electron 
velocities in the direction of the cathode-anode current 
stream, and therefore take the components of electron 
velocity normal to the cathode. This component of the 
energy of an electron in the outer space-charge* is that 
with which it left the cathode, less the energy required to 
pass through the potential minimum, and electrons which 
are received at the anode are those whose initial velocity 
component normal to the cathode was greater than was 
necessary to pass the potential minimum. Richardson 
(loc. cit.) gives the law of distribution of velocities normal 
to the cathode as 

N u du = N . 2hmue~ Jmu2 du . . . (25) 

where N u is the number of electrons out of a total N 
which have velocities between u and (u + du), and 
l/h = 21cT. The mean energy of normal components 
averaged over all electrons leaving the cathode is thus 
1/(2*.) = loT. The kinetic energy associated with any 
group N u du of electrons is, from (25), 

W u = \tm£N u du = Nhmht?e~ limui du . (26) 


Let u Q be the velocity which is just sufficient to bring an 
electron to the potential minimum. Then those electrons 
which pass over to the anode had initially an aggregate 
energy W 0 given by 


W n = Nhm? 


I'll = 00 

u 3 e —hmu 2 f2 u 
u=>u 0 


• (27) 


* “ Outer space-charge ” is a convenient name for space-charge outside the 
potential minimum. 
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The number N 0 of electrons passing the barrier is 
obtained by integrating (25). Thus 


r U — 00 


N 0 = 2 hNm 


ue~ JmuZ du 
u = u n 


(28) 


= Ne~ hmu l .(29) 


Evaluation of the integral in (27) gives 

W Q = %Nme~ 1mu l[ul + 1 J{mh)] . . (30) 

and on dividing (30) by (29) the mean initial energy of 
forward velocity of those electrons which ultimately pass 
the barrier is 

W 0 = ~ = -I m[w§ + ■ ■ (31) 

, iV o 

But each electron loses energy in passing the 

potential minimum, since u 0 was defined as the critical 
velocity. Therefore the average energy W of the electrons 
when they reach the outer space charge is related to their 
average initial energy W 0 by the equation 

W = W 0 - .... (32) 

Substituting (31) in (32) now gives 

W = l/(27i).(33) 

The mean kinetic energy of forward velocity of the 
electrons is therefore unchanged by passing through the 
potential minimum, remaining equal to IcT. But, con¬ 
sidering a metallic conductor as source of thermal noise, 
it is clear that treatment of an electron stream as a 
source' of comparable thermal-agitation noise requires 
that the random velocities of the electrons shall be 
equally distributed both forward and backward along the 
direction of the current-flow.' Again, referring to our 
definition of temperature, we are required to find a mean 
kinetic energy of random velocity, excluding any drift 
velocity common to all constituents of the system. We 
therefore regard the equivalent in volts of the mean of the 
emission velocities of the electrons as being added to the 
steady anode voltage, and the deviations from the mean as 
the source of thermal-agitation noise. If as an approxi¬ 
mation we assume the mean electron velocity to be equal 
to the mean-square velocity, this means that we simply 
halve the value of u in all the energy calculations, and 
divide by four the kinetic energies which depend upon r. 

The new mean value of kinetic energy of random 
velocity along the chosen direction is then IcT/ 4. But in 
a perfect gas the mean energy of a particle along any one 
of a set of three Cartesian axes is equal to the equi- 
partition value 7cT/2; the electrons with mean random 
energy 7dT/4 have therefore an effective temperature T/2, 
one-half the cathode temperature. 

Actually the mean velocity in a Maxwellian distribution 

is V[8/(3 tt)] times the root-mean-square velocity, so the 
mean velocity assumed in our approximation is in error 
by the difference between unity and 0 • 921, i.e. by 7 • 9 %. 
It might at first be thought that this would cause an 
er or of nearly 16 % in the calculated temperature, since 
this depends upon the square of velocity; but actually it 


is a question of deducting velocity from one group of 
electrons and adding to another, so that the error depends 
upon a difference of squares only, and is small, provided 
the two squares are nearly equal, which is true in this case. 

We have thus shown that in a valve having a resistance 
which is finite and a function of space charge (i.e. a space- 
charge-limited valve) the total fluctuation noise is equal 
to the thermal-agitation noise in a corresponding resis¬ 
tance at a temperature of approximately half the cathode 
temperature, subject to the following corrections:— 

(1) In practical valves, end-effects cause a fraction of 
the current to be temperature-limited, and therefore 
probably more " noisy.” It might be worth while to try 
experiments with guard rings, so as to use only the central 
part of the cathode where the current can be fully space- 
charge-limited. 

(2) The relation between slope resistance and effective 
resistance for thermal noise must be taken into account. 
[See, for example, equations (13), (18), (21), which 
indicate that the effective resistance is normally greater 
than the slope resistance.] 

(3) Although the simple theory of thermionic emission 
has been well tested for pure metals, there is a slight 
possibility (though no actual evidence) that with complex 
emitting surfaces the space-charge adjacent to the cathode 
might have a temperature different from that of the 
cathode, though probably retaining a Maxwellian distri¬ 
bution of velocities. This can only occur if quantum 
effects prevent the free exchange of energy between the 
space-charge and the interior of the cathode. 

(8) MECHANISM OF THERMAL-AGITATION 
NOISE IN SOLID CONDUCTORS 

We have found that the fluctuation noise in a space- 
charge-limited valve may be represented as a thermal- 
agitation noise. Conversely, thermal-agitation noise in 
a metallic conductor may be represented as “ shot noise ” 
within the crystal lattice of the material, and without 
space-charge limitation. . 

Let us consider a conductor of length A l and sectional 
area A, having n Q free electrons per unit volume, and 
subjected to a uniform longitudinal electric field of 
strength E. Within a solid conductor, collisions between 
electrons and molecules are extremely frequent, and the 
drift velocity acquired under an applied electric field is 
small compared with thermal-agitation velocity; we may 
therefore assume a fixed time of flight t between colli¬ 
sions, depending solely upon the distance between mole¬ 
cules’ and the temperature. Denoting the electronic 
charge and mass by 6 and m respectively, the mean drift 
velocity u is given by 

u — eErl(2m) . • ■ •’ (31) 

From the definition of electric current as i — dQ/dt, it 
follows that if there is a small finite variation of charge 
A Q in a time A t, the average current flowing is 
l = AQ/Ae. If, further, the charge is transferred from 
one end to the other of a length As: (i.e. the current 
flows through a circuit of length Aas) during the time A t, 
we may write 

lAa . = ^A® = ^AQ=.fiAQ . • (35) 
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since the ratio Ax} At is the mean velocity. Now in the 
metallic conductor, A Q is equal to the product of the 
charge on an electron and the total number of electrons 
taking part, Ax may be replaced by A‘Z (provided the 
latter is taken small enough), and u is given by equation 
(34), so that 

$AZ = (AAln 0 e)[eErj{2m)] . . . (36) 


But the potential difference V between the ends of the 
conductor is the product JJAZ of field-strength and length, 
and the resistance B is the ratio of potential difference to 
current. Thus 


V __ EM _ 2mM 

l (An Q e)[eErl(2mjJ An 0 e 2 r 


(37) 


Comparing the solid-conductor problem with the shot- 
noise problem in a thermionic valve, we may say that 
equation (37) has related the mean current to the atomic 
mechanism, but it remains to determine the fluctuation 
noise due to the discrete nature of the mechanism. 
Provided that a current pulse is sufficiently short in dura¬ 
tion compared with the period of frequencies capable of 
being observed, it is possible to evaluate the observable 
components of the Fourier analysis of the pulse without 
knowing its shape. For example, in dealing with shot 
noise in a temperature-limited diode, Moullin and Ellis 
(loc. cit.) showed that, knowing only the integral charac¬ 
teristic of the pulse due to a single electron, Jfdf = e, 

the components of radio frequency can be calculated. In 
our present problem of the solid conductor the unit pulse 
is not a current, but is of the form iM, which will be 
termed a " current-element.” Combining expressions 
(34) and (35) for a single electron, and integrating over its 
time of flight, we have 


+T 

( iM)dt = eur .... (38) 

If, therefore, we replace e in the analysis of Moullin and 
Ellis by eur, the components of the Fourier analysis will. 
represent components of iM in place of i. The time of 
flight of an electron within a conductor is even shorter 
than the transit time through a valve, so that the assump¬ 
tion that the pulse is so short that its shape has negligible 
effect on the radio-frequency components is a fortiori 
applicable in this case. If 2 vjp is the period of the 
Fourier series, assumed to be long compared with the 
duration of the pulse but short compared with radio 
frequencies, the pulse eur is found to be equivalent to a 
series of current-elements 

TiiMl — (eurp/rr)^ 4- 2) cos npt) 

In the present problem, unlike the shot effect, u, may be 
either positive or negative, so that the constant term 
(steady current) will vanish on summing over a large 
number of pulses; the noise current-elements are left as 

YAM = (e j it J Tpfir)(L ± cos npt) . . (39) 

Since the time 2rrfp was taken to be very long, the order 
of harmonic n is high, and we may replace the summation 
by an integral. The resultant of the noise current- 
elements in a group of frequencies between rq and 
(rq -j- dn ) is then given by the equation 


[iM) dn = (e | u | tpItt) 


l-w — ni + dn 
4; cos npt. dn 


J n=nx 


Expressing this in terms of frequency, we have np = 2rrf, 
dn = (2t rlp)df, 


( iM)df = 2e | u | r 


{iM)\ f — 4e 2 ii 2 T 2 


rf=fi + df 

± cos 2rrft. df 

rf—fl + df 

cos 2 2 t rft . df 

J /=/i 


= 2e 2 w 2 T 2 


(1 -f COS 4:7Tft)df 
/ = /l 


(40) 


But on averaging over a considerable period we have 
J cos 4rr/Z .df = 0. 

The mean-square value of the noise current-elements 
from a single pulse is therefore 


(iMfaf — 2e 2 w 2 r 2 . df . . . (41) 

But if there are N electrons taking part, and each electron 
collides 1/t times per second, i.e. makes 1/t separate 
journeys per second, there are altogether N/r randomly- 
phased pulses per second. Since they are in random 
phase we may add the squares of the random current- 
elements (this is assuming that the resultant of N random- 
phased vectors is N* times the unit vector), so that the 
resultant of the noise current-elements in frequency band 
df has a mean-square value 


{iMjlf = 2Na 2 u 2 r .df 

and I 2 = (2 NehPr . df)l(M)* . . . (42) 

But if current J flows through resistance B the corre¬ 
sponding potential difference is, by definition of B, equal 
to IB; the mean-square noise voltage corresponding to 
(42) is therefore 

V\ f = Bfl% = (2B 2 ‘Ne 2 u 2 r. df)[(M) 2 . . (43) 

Using equation (37) to eliminate N, e, and r, 

V% = 2 B . 2 raw 2 .df . . . . (44) 

It is clear that the only velocity which will contribute to 
the current between two points is the velocity along the 
direction of flow; in other words, u z is to be taken as the 
mean-square of the component of thermal-agitation 
velocity in one specified direction. But the equipartition 
value of the thermal energy contributed by velocity 
components in one given direction is \mu 2 — \kT for 
each particle. Equation (44) therefore becomes 

Vl f =4JtlcT.df .... (45) 

which is the well-known expression deduced thermo¬ 
dynamically by Nyquist. 

Whereas in Nyquist’s derivation the internal mech¬ 
anism was not involved, owing to the use of overall 
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energy-exchanges, in the treatment given above the 
mechanism is exposed, but all factors peculiar to the 
material, namely the number of electrons taldng part in 
conduction, time of flight, and mass and charge of the 
electron, have been eliminated in terms of the resistance 
and the function IcT. Equally with the thermodynamic 
proof, therefore, the derivation presented above indicates 
that the thermal-agitation noise is a function only of 
ohmic resistance and temperature, and not of the struc¬ 
ture of the conductor involved. The thermionic valve 
is therefore included, so long as it has a determinable 
ohmic resistance and temperature. 

It is interesting to note that in Nyquist’s derivation 
there was no upper limit to the frequency to which the 
expression for noise energy was applicable; something in 
the nature of quantum restrictions was necessary to 
prevent the total energy from becoming infinite if the 
frequency range was extended to infinity instead of being 
confined to the radio band. In the derivation used 
above it is obvious that the expression ceases to be valid 
when the frequency has a period comparable with the 
time of flight of the electron within the conductor, for the 
Fourier analysis must then be modified and will depend 
upon the shape of the pulse. There is therefore seen to 
be a limit to the validity of the expression, though the 
limiting frequency will be somewhere in the region of heat 
radiation. 

(9) APPLICATION TO THE THERMIONIC VALVE 

The remaining difficulty is the transition from a 
temperature-limited to a space-charge-limited regime in 
a thermionic valve: we have yet to decide what con¬ 
stitutes the essential distinction between the two states. 
It would seem that the presence of a potential minimum, 
however small the barrier which it imposes, is one 
criterion; for, provided there is such a barrier, some 
electrons emitted will return to the cathode, and the 
space-charge adjacent to the cathode will be in thermal 
equilibrium with it. The initial temperature of the space- 
charge will then be fixed at the cathode temperature, 
and, as we found above, the effective temperature of the 
outer space-charge is about half that of the inner space- 
charge. The transition in any real valve will be gradual, 
owing to lack of uniformity both of the anode-to-cathode 
field along the length of the cathode and of the cathode 
temperature. 

Another criterion of the state in which the thermal- 
agitation treatment is applicable is that the field from the 
anode should terminate on space-charge, not on an actual 
metallic electrode. For if the field from the anode ends 
on a metallic electrode, the emergence of any electron 
from that electrode constitutes a disturbance, but if the 
field terminates on electrons, constituting space-charge, 
which are moving towards the anode with approximately 
uniform velocity, the presence of electrons travelling at 
the exact mean velocity at every point does not create a 
disturbance; it is only the deviations from the mean 
which are effective. 

In a diode, but not in more complex valves, the two 
criteria are identical. As an example of the more com¬ 
plex valves, consider a screen-grid tetrode. In this t e 
screen-anode space corresponds nearly to a temperature- 
limited diode with the screen as virtual cathode. Most of 


the anode field terminates on the screen wires, so that the 
injection of electrons into this space through the screen 
may be expected to produce a shot noise at the anode, 
of the magnitude predicted by equation (1). The same 
effect is to be expected to a less extent in triodes, depend¬ 
ing upon the closeness of the grid winding; this may 
explain the experimental results of F. C. Williams with 
an L.S.5 triode.* 


(10) TWO RESISTANCES IN PARALLEL 
Another point which is of importance for the com¬ 
parison of any theory of thermal noise with experimental 
results is the magnitude of the resultant fluctuation 
voltage from two resistances at different temperatures 
connected in parallel. Transferring equation (45) from 
voltage back to fluctuation current, which we saw was the 
fundamental phenomenon, we find that 

If lf = ( ±kTIR).df 

where I 2 is the mean-square fluctuation current. But 
J 2 is made up of a very large number of random vectors, 
so that to combine two such currents, arising in resistances 
B x and JR 2 , we merely add their squares. Thus 

11=11+11= (±lcT 1 IR 1 + 4JcT 2 IR 2 ).df . (46) 

Equation (46) for the total fluctuation current flowing 
when two resistances R x and R j, at temperatures r I\ and r l\ 
are connected in parallel reduces to 


11 = ilc 


R,R, 


df . . . (47) 




But the resultant resistance of the two in parallel is 
R 0 = R 1 R 2 J(R l + R 2 ). The noise voltage corresponding 
to the current given in equation (47) is therefore 


r?2 p272 _ at. . E 1 R i {RJT 1 + R x T 2 ) ' 

F 0 = JS 0 /„-4& (J5j + jya 


(48) 


This equation has been previously derived by Llewellyn, f 
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DISCUSSION BEFORE THE WIRELESS SECTION, 5th JANUARY, 193S 


Mr. E. B. Moullin: In his discussion of Fig. 1 the 
author points out that the deviations from the mean 
increase with the current, even though the flow of 
electrons becomes relatively smoother. It is a basic 
theorem of statistics that, in circumstances such as those 
depicted in Fig. 1, the mean-square departure from the 
mean increases in direct proportion to the mean value. 
It is both well known and remarkable that this theorem, 
true in the limit of very large numbers, is substantially 
true when the number of events is quite small. This 
can be illustrated well by means of the diagrams in Fig. 1. 
Thus we find that the mean-square departures from the 
mean in Cases A and D of Fig. 1 are 1 • 3 and 0 * 6 respec¬ 
tively, if the baseline is taken as 20 units of time. There 
is no reason why we should take A, B, C, or D, in prefer¬ 
ence; and therefore the natural course is to take these 
possible chances of succession one after the other, and 
then the long-time mean of the mean-square fluctuation 
is 0-92. According to the statistical theorem I have 
mentioned, if we have 5 times the current the mean- 
square departure should be 5 times this amount, i.e. 4 • 6. 
We have a particular case of this in the sum curve of 
Fig. 1; and the mean-square departure is 6-3. Thus 
we should expect the value 4-6, whereas we get 6-3; 
but this is too rough an approach to be a fair test. 
There are 10 possible summation curves of Cases A to E 
taken in pairs, 10 more possible combinations taken three 
at a time, and 5 combinations taken four at a time. I 
have made the 10 possible additions two at a time, and 
find the mean-square deviation of these comes to 2-27. 
For the 5 possible combinations four at a time I find 
the mean-square deviation is 4 • 53. As an example, let 
us suppose that the mean-square deviation is propor¬ 
tional to the mean, and equal to 4 • 53 when the mean is 4. 
Then, when the mean current is 1, 2, 4, or 5 electrons (I 
have not worked out the figures for 3), the deviations 
should be 1T4, 2-27, 4-53, and 5*67 respectively. The 
measured deviations for the sample curves given in 
Fig. 1 are in fact found to be 0-92, 2-27, 4-53, and 6*3. 
The agreement between these sets of values is fairly good, 
and the example serves to illustrate this important 
theorem. 

I feel that Nyquist’s theorem still requires to be 
stated more rigidly. In its present form it is certainly 
correct for all linear networks which do not include 
thermionic valves, but when such are included we still do 
not know how to apply it to give the correct result, 
though I consider the author’s method of obtaining the 
effective value of the internal resistance (page 525} is a 
notable step forward to this end. 

Section (5) begins by stating the author’s belief that 
shot and thermal effects are different aspects of the same 
general principle. I have always thought, and I think 
often stated, that until we had a general theorem which 


would include shot and thermal effects as special cases of 
one general principle, this very intricate noise problem 
would remain in an unsatisfactory state. In my opinion 
Section (8) of this paper is a real step towards this 
general treatment, and is perhaps the most illuminating 
theoretical contribution to the whole subject which has 
been made in the last decade. I have often tried to 
obtain the thermal-agitation formula from the shot-effect 
principle, and have always failed dismally. 

Lately I was talking to Prof. Schottky in Berlin, and he 
told me he had derived a formula for the thermal-agita¬ 
tion principle from a shot-voltage mechanism. The proof 
has not yet been published, and I shall be interested to see 
whether it is the same as the present author’s derivation. 

From one point of view it has always been difficult to 
understand why the passage of a steady current through a 
resistance did not increase the fluctuation voltage pro¬ 
duced by it. For if most methods of calculating the 
shot voltage produced by a temperature-limited thermi¬ 
onic current (for example, that which Mr. Ellis and 
I produced some years ago),* are examined critically, 
it is difficult to find any step in the argument which 
could not be applied to effects inside a conductor. I 
think the paradox has been resolved by the analysis of 
Section (8) of this paper: for this brings out clearly that 
the number of random events in the conductor are 
governed by the number of free electrons in it, and not by 
the average current passing through it. Such a current 
will not produce a first-order effect on the number of 
random events, and will possibly produce no effect at all. 

In spite of all the work that has been done, however, 
the background noise in an amplifier valve still cannot be 
calculated. In the last 6 months Prof. Schottky has pro¬ 
duced several long papers on the shot effect in space- 
charge-limited conditions. I have so far been unable to 
disentangle fully his basic idea from the analysis in which 
it is clothed. Schottky's formula is appreciably better 
than the old classic expression of Llewellyn, but it is still 
in bad agreement with facts. 

On page 529 the author observes: ” In practical valves, 
end effects cause a fraction of the current to be tempera¬ 
ture-limited, and therefore probably more ‘ noisy.’ It 
might be worth while to try experiments with guard 
rings, so as to use only the central part of the cathode 
where the current can be fully space-charge-limited.” 
That work has just been completed in Germany,f but the 
results do not appear to approach the theoretical value of 
Schottky more closely than they would have done if no 
precautions had been taken. 

Dr. F. C. Williams : The author deals with this subject 
from the point of view of the physicist, whereas I have 
examined it experimentally.' 

* Journal I.E.E., 1934, vol. 74, p. 323. 

t H. Jacoby and L. Kjrchgkssner: Wissenschaftliche VeroffenlKchungm aus 
den Siemens-Werken, 1937, vol, 16, p. 42. 
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I do not feel competent to question the validity of the 
author’s application of a thermodynamic principle to the 
problem of thermionic balance, but I see several diffi¬ 
culties in applications of this sort which have been made 
in the past. Thus Llewellyn considered a box containing 
a thermionic valve and a resistance uniformly heated to 
a temperature r sufficient to enable a copious emission 
of electrons to take place. On that hypothetical experi¬ 
ment he based his result that the noise in the valve must 
be a thermal noise and must be given by F 2 = 4 plcrdf. 
Experiment persists in showing, however, that the rele¬ 
vant value of t would not be the temperature of the 
box but half this value. Thus there is either some 
flaw in Llewellyn’s original analysis or some factor which 
militates against the truth of such applications. Further, 
it may be noted that in this uniform-temperature box we 
apparently have a steady transfer of energy from the 
resistance to the valve, which is a contradiction of the 
thermodynamic law. If, now, a grid is introduced into 
the valve and a resistance connected between the grid 
and cathode, the fluctuations generated in the valve are 
vastly augmented, and there would probably be a trans¬ 
fer of energy from the valve to the resistance. My own 
experiments show that even if the resistance is not 
present but the grid is simply short-circuited to the 
cathode, the apparent temperature of the anode stream 
may be from I0r to 40r. Until these difficulties have 
been satisfactorily resolved, some doubt must attach to 
a thermal representation of valve fluctuations based on 
thermodynamic considerations. 

Thus if valve noise be interpreted in terms of thermal 
agitation, it is often necessary to assume an effective 
temperature very much higher than the melting point 
of the cathode material; further, the temperature is a 
function of the electrode structure and of the operating 
conditions. Such interpretation appeal's rather artificial, 
and has little to offer which counterbalances the enormous 
technological advantages of the shot interpretation. 

Mr. Moullin mentioned the work of Schottky in 
attempting a shot explanation of the fluctuations in 
space-charge-limited valves. Schottky has produced a 
curve calculated on that basis which Mr. Moullin says is 
little better than earlier attempts as regards its agreement 
with experiment. The curve is, however, not vastly out 
of agreement with some experimental results—the dis¬ 
crepancy being of the order of 1 • 5 to 2. On the other 
hand, the only experimental verification of the thermal 
expression has been made either in the retarding-field 
region or very close to it, where the r/2 discrepancy from 
Llewellyn’s original formula is found. It is interesting to 
note that this discrepancy can readily be explained in 
terms of pure shot theory. 

In conclusion, I may perhaps mention that the process 
used by the author in Section (10) to derive the fluctuation 
generated across two resistances in parallel was employed 
in one of my own papers* to deduce the fluctuation 
voltage generated by a space-charge-limited current 
traversing a resistance. It was noted then that the 
method could be applied to the analogous problem of two 
resistances in parallel. 

Mr. O. E. Keall : The published results of shot-noise 
investigations carried out in this country and also in 

* Journal I.E.E., 1936, vol. 79, pp. 352 and 354. 


Japan and Germany 2-3 years ago show a considerable 
discrepancy both in the temperature-limited region and 
also in the space-charge region, although the valves con¬ 
cerned had similar anode-current/heater-current charac¬ 
teristics. It would therefore seem that an experimental 
investigation of this subject on a much larger scale than 
has hitherto been conducted is desirable. Particularly is 
this the case because hitherto the investigations have 
been limited to consideration of one or two of the vari¬ 
ables in the valve only (either resistance or current). 
In spite of the elegance of the author’s analysis, I do not 
see how one can apply the formula he gives in the case of 
the valve with infinite resistance or even in the case 
of the valve with negative resistance, because experi¬ 
mental results indicate that there is no great difference 
between these cases and that of the valve with normal 
characteristic. 

Mr. W. H. Aldous : A theory of fluctuation noise 
should agree with practice over at least part of the range 
of the valve characteristic, and I do not think it can be 
said to be a complete theory until it agrees with practice 
over the retarding-field region, the normal working 
region, and the temperature-limited region. I do not 
know in which of these regions the author’s theory agrees 
with experiment. 

Dealing with Section (4), I do not see that Nyquist 
proves the universality of thermal-agitation noise by his 
treatment. He merely says that some source passes 
energy into a resistance outside itself. Now the second 
law of thermodynamics does not say what that emerging 
energy should be, and why one should assume it is 
thermal-agitation noise. The author proposes to use a 
value of resistance in the thermal-agitation formula dif¬ 
ferent from the valve slope resistance, which he derives 
from consideration of the power absorbed, given by 
p _ yZjpj' For a characteristic of the form i — aV n 
this gives 

2 n _ 

R' — -- -JRa 

n + 1 


If he had started instead with 

P = 1 2 R" 

(which is actually the form used by Nyquist), and 
therefore 

1 dP 
2 1 dl 


R 


ff 


a different value of effective resistance would have been 
obtained, namely 

R" = n -±±.r. 

I think the idea that the power is produced in the valve 
itself is incorrect. It arises from the random transit 
of the electrons across the electrode space producing a 
fluctuating voltage across the load. Since the valve is 
in parallel with the load, a certain proportion of the 
power will be dissipated in the valve slope resistance, 
which therefore requires no modification. This is in 
accord with the experimental work of both Schottky and 
F. C. Williams, who have shown that, in the retarding- 
field region represented by equation (19), the shot noise is 
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given accurately by equations (4) and (5). This can be 
seen to be true on general grounds, since in the retarding- 
field region there is no question of space-charge control, 
all electrons with initial energy greater than some mini¬ 
mum reaching the anode. These electrons will arrive 
randomly in time, and it is this randomness in time—not 
.randomness in velocity—which gives rise to the shot 
voltage across the load. 

At the end of Section (7) the author tries to show that 
a deviation of velocity from the mean can cause noise; 
but I think he takes an unfortunate example. A few 
of the electrons are stopped by positive ions, and this 
means that the steady rate of arrival of the electrons at 
the anode is altered, a condition which must give rise to 
shot noise. With regard to the author’s method of 
deriving the value r/2, since in the case he considers there 
are so many more electrons with low forward velocities 
than with high forward velocities, the deviations about 
the mean will not be randomly distributed. Therefore I 
feel very doubtful as to whether the mean value of kinetic 
energy of random distribution along the chosen direction 
can be taken to be /or/4. 

Finally, I should like to put forward a plea for the 
use of conductances rather than resistances in these 
fluctuation formulae, in view of the consequent simpli¬ 
fication of the mathematics. Thus equation (48), if 
extended to several conductances S- L , S 2 , . . . S n in 
parallel at temperatures r v r 2 , . . . r n respectively, 
becomes simply 


n 

^jS n r n 



where each conductance is now associated with its own 
temperature. 

Dr. W. F. Rawlinson: I should like to ask the author 
a question in relation to the assumed or calculated tem¬ 
perature of the electron stream. Although the valve has 
been evacuated it must still contain a large number of 
molecules or atoms. Since the author derives for the 
electron-stream temperature a value which is about half 
the cathode temperature and which bears no relation to 
the anode temperature, and since his derivation depends 
on the equipartition theory, are we to assume that the 
residual gas between the anode and cathode is also at 
half the temperature of the cathode ? 

Considering a cathode which gives perfectly uniform 
emission and therefore no shot noise, and, according to 
the author, no thermal-agitation noise, will the electron 
stream be at absolute zero temperature; and, if so, what 
is the temperature of the residual gas ? 

Mr. H. D. McD, Ellis: The paper is a valuable 
contribution towards the solution of these fluctuation 
problems; seeing the elegance of the author’s treatment I 
regret that I was not trained as a physicist also. I am 
particularly struck by the way in which the author has 
cleared up some of the troubles with which Mr. Moullin 
and I were concerned when we were preparing our paper* 
about 5 years ago. For example, I am interested in his 
methods of obtaining the thermal-agitation voltages in 

* Journal I.E.E., 1934, vol. 74, p. 323. 


two resistances at different temperatures, and of deter¬ 
mining the effective anode impedance of a thermionic 
valve from power considerations. We obtained the 
correct solution to the first of these problems 5 years ago, 
but not, I fear, in so neat a fashion. 

Mr. W. S. Percival ( communicated ): On page 525 the 
author introduces a correction to the slope resistance of 
a diode valve to take account of the curved characteristic 
for purposes of noise calculation. I am unable to follow 
the author’s argument, but equation (21)* leads to a 
result opposed to well-known theory. If in this equation 
we make V negative and large compared with 1/6, i.e. 
if we work in the retardation region with a small current, 
so that we can neglect the space charge, then approxi¬ 
mately, R' — 2R a . It has, however, been shown by F. C. 
Williamsf that this is the one condition in which the 
diode must behave as an apparent (slope) resistance at 
half the cathode temperature without any correction 
being necessary. 

A more satisfactory line of argument is to consider a 
choke placed in the anode circuit of the diode, the anode 
of which is connected via a condenser to a transmission 
line terminated by a resistance equal to the slope re¬ 
sistance R a of the diode. Under these conditions the 
noise power transferred from the resistance to the diode 
and hence from the diode to the resistance, depends 
simply on the slope resistance of the diode and is inde¬ 
pendent of the curvature of the characteristic. If the 
diode could be at the same temperature throughout and 
there were no external source of energy, then Nyquist’s 
original argumentJ would hold. In fact, however, the 
cathode of the diode is at one temperature, its anode is 
at another, and external energy is available from a 
battery. The original proof of Nyquist does not, there¬ 
fore, apply. 

On page 528 the author states " There is therefore no 
thermal exchange between the cathode and the electrons 
between potential minimum and anode.” This cannot 
be true, however, since the electrons between the 
potential minimum and the anode form part of the space 
charge. Let us suppose that there is a certain rush of 
electrons past the space-charge minimum, then that 
portion of the space charge will be increased. The 
increased negative field will prevent some electrons which 
would otherwise pass the minimum from doing so. Some 
of these electrons will fall back into the cathode. Hence 
those electrons which have passed the potential minimum 
can still, indirectly, influence the cathode. It is true, as 
the author says, that no electrons which have passed this 
point can return. Their electric field is still effective, 
however, and can influence those electrons which are 
closer to the cathode. 

Prof. W. Schottky (Germany) ( communicated ): Con¬ 
trary to the " relative temperature theory,” in which the 
electron stream is compared to a gas having a uniform 
velocity superimposed on the Maxwellian motions of the 
molecules, I consider that there is no moving co-ordinate 
system with respect to which the velocity distribution of 
the electrons has an effectively Maxwellian character: the 
indefinitely large velocities in a backward direction are 
missing. 

* The a la this formula appears to be a misprint [corrected for the Journal ]. 

t Journal I.E.E„ 1930, vol. 78, p. 326. 

t Physical Review, 1928, vol. 32, p. 110. 
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Our work shows that the rigorous treatment of the 
space-charge problem appears rather as a shot effect 
which approaches the r/2 law when the current is suffi¬ 
ciently reduced by space charge. I have explained how 
in a retarding field (without space charge) it is possible 
to find the " thermal complement ” of the cathode-to- 
anode electron stream, which would make the whole 
system equivalent to a thermal one. I have not, how¬ 
ever, succeeded in finding the “ thermal complement ” 
for a space-charge current. 

An objection to the " relative temperature theory ” is 
that the rigorous theory, under ideal conditions, yields 
the value 1 • 272r/2 for the apparent temperature.* This 
departure from the r/2 law is large compared with that 
which can arise from the insufficient consideration of 
mean drift velocity suggested towards the end of Section 
(7) of the paper. 

I have nothing to add to Section (8), which is more 
complete than my own work on this point, since it gives 
the constant, Ale, correctly. But the following may be of 
interest. For the region of very high frequencies, I have 
calculated the frequency spectrum on the assumption that 
all electrons have equal velocities in the direction of the 
current under investigation, but that the lengths of free 
path are distributed in a random manner. This can be 
compared to the flicker effect, by considering that the 
mean impulse time of an electron in the conductor cor¬ 
responds to the mean life of an extraneous molecule in 
the flicker effect. One then calculates the energy which 
on short-circuit is dissipated by this frequency spectrum 
in an ohmic resistance, and finds (except for a factor 
approximately equal to unity, of which I cannot yet be 
certain), the value Ict/1 where t is the mean impulse time. 
This result is very satisfactory, for it shows that the 
thermal energy of a degree of freedom in an electronic 
conductor will on the average be absorbed and restored 
as often as corresponds to the mean impulse time of 
electrons, irrespective of the number of electrons on the 
coii d u c*t o r» 

Mr. D. A. Bell {in reply)'. Both Mr. Moullin and 
Mr. Aldous have doubts as to Nyquist’s theorem. 
Undoubtedly, care is necessary in applying it; it was for 
this reason that a substantial part of the paper was 
devoted to discussion of the values of “ resistance ’ and 
“ temperature ” to be used. I would go so far as to say, 
however, that the difficulty is not, as Mr. Moullin suggests, 
that we do not know how to apply Nyquist’s theorem to 
thermionic valves in general, but that {a) we cannot ma e 
a valve conforming to ideal laws, and (6) we have no ye 
seen how to modify the theory for valves which are only 

partially space-charge-limited. 

Much conf usion seems to arise from the idea of some 
absolute distinction between different types of fluctuation 
noise; thus Mr. Aldous states " Now the second law of 
thermodynamics does not say what that energy s ou . e, 
and why one should assume it is thermal agitation noise. 
In my view there is one assumption, and one on y, a ^ 
made in setting out Nyquist’s theorem; and that is tha l 
is possible to have two elements of an electric circuit 
which are connected by electrical conductors, but isolated 
from each other so as to prevent the direct exchange of 

* Wissenschaftliche Veroffenilichungen am den Simnem-Werhen, 1937, vol. 14, 
p. 15. 


other forms of energy. I do not think this is any more 
unreasonable than the ideas used throughout classical 
thermodynamics, such as the perfect gas, perfect heat 
insulator, or perfectly-reversible heat engine. Given this 
assumption, when a space-charge-limited valve and a 
resistance are connected together, there must be energy 
transferred from the valve which is proportional to the 
temperature of the valve’s resistance, and surely such 
energy must be described as thermal-agitation energy, 
whatever the internal mechanism by which it is produced. 

With regard to the experiments of Prof. Schottky and 
his colleagues, which Mr. Moullin mentions as having full 
precautions in the way of guard-rings, is not the best 
criterion of achievement of the “ ideal ” system the 
anode-current/anode-voltage law ? In Prof. Schottky’s 
diode one would expect a 3/2 power law, but the published 
curves seem to indicate a law nearer 1 • 3 than 1 * 5 for 
tube No. 6; tube No. 7 is sufficiently complex to have 
other difficulties. 

If Dr. Williams is not prepared to discuss my analysis, 
it is doubtful whether there is much value in replying to 
his objections to Llewellyn’s work. As will be seen from 
a study of Section (7) of the paper, I believe the resistance 
of the valve must be at a temperature different from that 
of the cathode, so the idea of a uniform-temperature 
enclosure including the whole of a valve is ruled out. 
The same section gives the basis for my belief that there is 
real significance in a modified TJ 2 law for a space-charge- 
limited valve. In the case of the triode amplifying 
valve, with a resistance connected' between grid and fila¬ 
ment, I see no reason to depart from the normal theory 
of the amplifying valve, in which the output a.c. power is 
derived from the source of steady anode potential, even if 
that source be only the mean initial velocity with which 
the electrons are emitted from the cathode. As explained 
at the end of Section (9) of the paper, I do not consider 
Dr. Williams’s results with grid short-circuited to cathode 
to be incompatible with my theory. The shot interpreta¬ 
tion is only applied to space-charge-limited valves by the 
addition of an arbitrary correction factor (or " smoothing 
factor”) which Dr. Williams denotes by A ; until this 
factor has been given a rational basis it cannot be 
regarded as having any place in a scientific theory, or 
used (other than empirically) as an aid to the design of 

apparatus. , 

In his statement that in the retarding-field region the 
T/2 law can be readily explained in terms of pure shot 
theory, Dr. Williams is presumably referring to a paper 
in which he examined this question* I regret that I 
cannot accept his treatment as exact, though it gives ia 
useful approximation. For he assumes that Fe»/c-T, 
and x»kT, where V is the working anode voltage, 
ranging from about — 0 • 5 to zero, T the cathode tem¬ 
perature, and a; the work function of the cathode. Using 
values given by Benjamin, Cosgrave, and Warren m a 
recent paper, f I have prepared the figures in Table A 

for various cathodes. _ 

Thus for an oxide-coated cathode (which was the type 
used by Dr. Williams for the retarding-field experiment 
x is about 10 times TcT, but Ve is only about 6 times /cl 
at the extreme limit of the range (F — —0-5 volt); this 

* Journal I.E.E., 193G, vol. 78, p. 32G. 
t Ibid., 1937, vol. 80, p. 401. 
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does not seem to justify the approximations adopted 
for the whole range 0 to — 0 • 5 volt. I do not think the 
thermal theory has previously been set out in sufficient 
detail for application to practical valves [see Section (3) of 
the paper on previous versions of the thermal theory]. 

I should like to support Mr. Keall’s suggestion for more 
comprehensive experimental work, particularly as I 
personally have no facilities for experiment and must 
rely upon the published results of others to verify my 
hypotheses. 

All valves which have an infinite resistance are, in my 
opinion, operating under conditions which correspond to 
temperature-limitation, whatever may be the space- 
charge distribution at some point remote from the anode; 
the “ pure shot noise ” formulae are therefore applicable 
to such valves. 

Mr. Aldous mentions three regions of the valve charac¬ 
teristic, but I think we must in practice make four 
divisions:— 

(i) The temperature-limited region. I have not modi¬ 
fied the “pure shot noise” formulae, which I believe are 
the complete solution of this case. 


Table A 


Cathode material 

Operating 

temperature 

Work- 

function 

IcT/e 


°K. 

electron-volts 

volts 

w 

2 500 

4-52 

0-214 

W-Th 

1 900 

2-77 

0-163 

W-O-Cs 

810 

0-7 

0-069 

BaO, SrO, Cao 

1 040 to 1 100 

0-95 

0-089 to 0-094 


(ii) The region in which the current is partially but not 
completely space-charge-limited. This is the practical 
working condition in amplifying valves, and there is no 
theory which has been shown to be in agreement with 
experiment over this region. But the theory given in 
this paper can be extended to give some idea of the mixed 
case; this work is in hand and will be published in due 
course. 

(iii) Completely space-charge-limited region. The 
values of noise calculated by my theory are in close 
agreement with those predicted by Prof. Schottky. So 
far as I am aware, this state has never been accurately 
realized experimentally; but the results of measurements 
made by Prof. Schottky’s colleagues are in moderate 
agreement with the theoretical limiting value. 

(iv) Retarding-field region. For the reasons given 
above, in reply to Dr. Williams, I do not regard the 
retarding field region as susceptible to such simple 
analysis as is sometimes suggested. 

I agree that a different effective resistance would have 
been obtained by considering I Z R in place of 1U 2 /R, but I 
believe the latter is correct. Any resistance must in 
practice be shunted by a capacitance, even if only its own 
self-capacitance; the fluctuation current then charges 
this capacitance to a corresponding potential, and the 
capacitance then discharges through all circuit elements 
which majr be connected in parallel across it. The 
energies dissipated in each are therefore distributed 


according to factors of the type E 2 /IL I have already 
dealt with the shot-noise interpretation of the retarding- 
field region, and the reason for describing the component 
of noise which is proportional to the resistance and 
temperature of the valve as thermal noise, whatever the 
mechanism. In saying that the slope resistance requires 
no modification, it would have been more helpful had Mr. 
Aldous mentioned which of equations (6) to (10) of the 
paper he considers to be in error. 

In Section (7) of the paper, it will be seen that the 
mean energy VT/4-. was found by integrating the energy 
over all electrons present and dividing by the total 
number present; it therefore implicitly takes into account 
the actual law of distribution of velocities, which is 
admittedly not Maxwellian. 

I would willingly endorse the use of conductances 
rather than resistances, but when comparisons with pre¬ 
vious work are involved this might cause difficulty to the 
reader. 

The solution of Dr. Rawlinson\s intriguing problem is to 
be found in the conditions necessary for equipartition to 
occur. The only application of equipartition in the paper 
is to the energies of the electrons in the immediate neigh¬ 
bourhood of the cathode, where the free path is likely to 
be of short duration since the density is very high. 
Beyond the potential barrier, which is the region where 
the temperature was stated to be T/2, no such equiparti¬ 
tion is assumed, and in fact it is improbable that there are 
sufficient collisions between electrons and molecules, com¬ 
pared with the rate of energy exchange due to collisions 
between gas molecules and the envelope of the valve, to 
establish equipartition between the residual gas and the 
electron stream. In the extreme case of uniform emis¬ 
sion, the electron stream would be initially at zero 
temperature, but would be heated by the residual gas in 
so far as there were collisions to give a tendency towards 
equipartition. 

I am indebted to Mr. Pcrcival for pointing out the 
error in equation (21) in the proof copies of the paper; 
this has now been corrected. In the retarding field 
region, if 1 /b — V, then It' — It (for evidence that this is 
not remote from the practical case, see my reply to Dr. 
Williams on this subject). The argument that electrons 
near the anode can influence subsequent emission does 
not destroy the fact that they are not themselves in 
thermal equilibrium with those near the cathode. 

In reply to Prof. Schottky, I have not found it neces¬ 
sary to assume a Maxwellian distribution of velocities in 
the outer space-charge (see my reply to Mr. Aldous). 
According to equation (13) of the paper, my theory may 
be said to give an equivalent temperature of 1 • 2T/2 
(not T/2) for a valve of 3/2 power law, since my expression 
is V 2 = 4(1 • 2It)hT{2, against Prof. Schottky’s 1-272272; 
I think the residual difference of 6 % could be due to the 
approximation made at the end of Section (7). 

The scope of the paper is to derive the fluctuation noise 
to be expected from a metallic resistance and from 
thermionic valves obeying certain ideal laws. The latter 
cannot in practice be constructed and measured, but this 
theory of the simpler cases prepares the ground for a 
treatment of the more complex conditions corresponding 
to practical valves, which should be both of material 
value and capable of experimental verification. 
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SUMMARY 

An approximate formula for the alternating-current resis¬ 
tance of isolated, hollow, square conductors, including the 
solid conductor as a special case, is developed theoretically. 
Experimental results are given to show that this formula is 
correct to within about 2 % at all frequencies. 

Formulae for the proximity effects in single-phase and 
3-phase systems are also developed. These formulae are 
based partly on theoretical development and partly on experi¬ 
mental results. The experimental results cover most of the 
values likely to be encountered in practice. 
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Appendix. 


LIST OF SYMBOLS— continued 
(x, y ) = co-ordinates of a point X in section of conductor 
relative to the point P as origin. 

T p 

F(x, y) dx dy = integral of the function F(x, y ) taken 
JJ over the whole area of the section of the 

conductor. 

vs 

F(p, q ) dp dq — integral of the function F(p, q ) taken 
JJ over the whole area of the section of the 

conductor. 

E p — e.m.f. induced at point P per cm. length of con¬ 
ductor by a current I distributed uniformly 
over the conductor section. 

Ep = e.m.f. induced at point P per cm. length of con¬ 
ductor by the eddy currents in the conductor. 

E x ~ e.m.f. induced at point X per cm. length of con¬ 
ductor by a current I distributed uniformly 
over the conductor section. 

<jp — Epl(tol). 

<?x = E x J(o)l). 

yip - EpRj (a) 2 /). 

L = self-inductance of conductor at zero frequency. 


LIST OF SYMBOLS 

All conductors are assumed to be straight, of uniform 
section, and parallel to each other. 

I — total current in conductor. 

R — direct-current resistance of conductor per cm. 
length, in c.g.s. units. 

R' = alternating-current resistance of conductor per 
cm. length, in c.g.s. units. [Alternating- 
current or effective resistance is defined to be 
the quotient of the power loss in the conductor 
by the square of the effective (r.m.s.) value of 
the alternating current.] 

R q — alternating-current resistance of an isolated con¬ 
ductor per cm. length, in c.g.s. units. 

F and F' — complete elliptic integrals of the first kind 

to moduli k and fCjf/Cj — V(1 — * 2 )] 

E and E' — complete elliptic integrals of the second kind 
to moduli ic and k v 

f = frequency in cycles per sec. 

CO — 27r/. 

(p, q) = co-ordinates of a point P in section of conductor- 
relative to the centre of the section as origin. 

* The Papers Committee invite written communications, for consideration 
with a view to publication, on papers published in the Journal without being 
read at a meeting. Communications (except those from abroad) should reach 
the Secretary of The Institution not later than one month after publication of 
the paper to which they relate. 


yS 

l = yip dp dq. 

JJ 

ip = eddy-current density at P. 

d — side of square section. (In developing formulae 
for the alternating-current resistance, the side 
of the section is taken as unity. This simpli¬ 
fies the mathematics and does not affect the 
validity of the final result in which the section 
dimensions do not appear.) 
p = resistivity of conductor material in c.g.s. units. 
s — spacing between axes of conductors in a single¬ 
phase system. (In a 3-phase system, s = 
spacing between axes of adjacent conductors.) 
t = thickness of wall of conductor, 
a = djs, 

[3 = 2 t/d. (For a solid conductor = 1). 

- Lfdpdi - ‘ 

i it® 

° s “ gpur ^JJ ^ _ * )a dp 

(1) INTRODUCTION 

Formulae are developed in this paper for the effective 
resistance to alternating currents of hollow conductors 
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of square section. Such conductors will be referred to 
as "square conductors.” The eddy-current losses in 
square conductors are in most cases higher than in con¬ 
ductors of other sections, but this shape of conductor 
has other advantages which in many cases outweigh this 
disadvantage. Some of these advantages are:— 

(a) The square section has a better space factor, than 
the round section for such purposes as armature or field- 
coil windings. 

(b) For large conductors, such as busbars, a hollow, 
square conductor can be built up out of conductors of 
rectangular, channel, or angle sections. Built-up con¬ 
ductors of this type may be less costly than hollow con¬ 
ductors of circular or other cross-sections. 

(c) In built-up conductors, gaps may be left between 
the parts so that the inner surface of the conductor is 
ventilated. The increase of current-carrying capacity on 
account of improved heat dissipation often more than 
offsets the loss of current-carrying capacity, on account 
of greater eddy-current losses as compared with a con¬ 
ductor of circular cross-section. 

The mathematical determination of the eddy-current 
losses in square conductors involves difficulties even more 
serious than those encountered in the determination of 
the losses in circular conductors, and a rigid solution 
cannot be obtained at present. J. D. Cockcroft* has 
shown how the eddy-current losses in an isolated, 
rectangular conductor may be determined precisely at 
' very high frequencies. He has further shown that 
mathematical comers to the rectangle are not of great 
importance, since the effect of rounding the comers with 
a radius of curvature equal to l/40th of the perimeter of 
the section is only to decrease the resistance by about 
5 %. Most rectangular conductors manufactured to-day 
have radii of curvature at the corners appreciably less 
than this. The validity of Cockcroft’s formula has been 
verified experimentally at high frequencies by W. Jack- 
son.f In the present paper a low-frequency formula for 
the isolated, square conductor is developed, and it is 
shown how a simple modification enables the range of 
this low-frequency formula to be extended until it reaches 
the high-frequency range in which Cockcroft’s formula 
may be used. Experimental results are given to confirm 
the accuracy of the formula developed. 

Although the conductors of a system are often spaced 
so far apart that they may be treated as isolated con¬ 
ductors, this is not always the case. The theory involved 
in developing formulae for single-phase and 3-phase 
systems is exceedingly complicated, and the author has 
made use of his experimental results in order to develop 
semi-empirical formulae for these cases. These formulae 
are in agreement with low- and high-frequency formulae 
developed on strict theoretical grounds at the two ends 
of the frequency-range, and agree closely with experi¬ 
mental results in the intermediate frequency-range.' 

(2) THE ISOLATED CONDUCTOR 

Cockcroft^ has shown that the ratio of the alter¬ 
nating-current resistance to the direct-current resistance 

* “ Skin Effect in Rectangular Conductors at High Frequencies,’ ’ Proceedings 
of the Royal Society, A, 19S8, vol. 122, p. 5SS. 

t Philosophical Magazine, Ser. 7, 1934, vol. 18, p. 433. 
j Loc. cit. 


of isolated, solid conductors of rectangular cross-section 
at high frequencies is given by equation (1). 

§ = Jr 2 (® - K l T)i{E ' ~ KiF)HF + ' (1 > 


The ratio of the two sides of the rectangle defines the 
values of E, F, etc., by equation (2). 


Ratio of sides of rectangle 


E - k\F 
E' — k 2 F' 


( 2 ) 


For the square conductor, the ratio of the sides is unity, 
and therefore 

K = K X = 1 / a / 2 ; E = E'\ E — F’ 



Equation (1) was developed on the assumption that 
the effective depth of penetration of the current at high 
frequencies is equal to y'[p/(27m*)] and that this dimen¬ 
sion is small compared with either side of the rectangle. 


Table 1 


2 vm) 

Experimental value of 

' RJR 

Experimental value of 

R 0 /R~2V(flR) 

2-63 

2-77 

0-14 

3-03 

3-14 

0-11 

3-39 

3*47 

0-08 

3-72 

3-76 

0*04 


Provided that the penetration depth is small compared 
with the thickness of the wall of a hollow conductor, 
equation (3) may be very simply modified to cover the 
case of hollow conductors. 

Since the current only penetrates a short distance, the 
alternating-current resistance will be unaffected whether 
the central part is solid or hollow. The direct-current 
resistance for the hollow conductor is l/|j 6(2 — /?)] times 
the direct-current resistance for the solid conductor. 

Equation (3) may therefore be generalized for hollow 
conductors by modifying it to equation (4):— 



0(2 -18)£ 


_ / 

2^(2 - f3)/a>\ 

V 

7 T \BJ 


( 4 ) 


When /? = 1, i.e. for a solid conductor, equation (4) is 
identical with equation (3). 

Table 1 shows a comparison between values of B 0 /B 
for a solid conductor determined experimentally at the 
National Physical Laboratory, and values of 2 \/(flB). 

Experimental limitations prevented a determination of 
values of B Q fB higher than 3-76, but from the values in 
Table 1 it would appear that equation (3) is valid for all 
values of B 0 fB greater than about 4. For this value of 
B q [B the penetration depth is about 8 % of the side of the 
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square. The range of equation (4) for hollow conductors 
is dependent on the value of 0, but except for very small 
values of fi (fi less than 0-02) the range extends at least 
down to values of R 0 /R equal to 4. The next problem is 
to develop a formula for isolated conductors to cover the 
range of from unity up to 4. Practical cases occur 
far more often in this range than in the high-frequency 
range covered by equation (4). The method adopted is 
one of successive approximations. The eddy-current dis¬ 
tribution is first calculated on the assumption that the 
magnetic field due to the eddy currents may be neglected. 
The effect of the eddy-current magnetic field is then 
calculated approximately from the approximate eddy- 
current distribution given by the first calculation. 

Assuming, then, first a uniform current density in a 
hollow conductor, having sides of unit length, we have 

Current in filament of conductor dx dy passing through 
point X = I dx <A//[0(2 —- /3)j| 

E.M.F. induced at point P per cm. length of conductor by 
current in filament dx dy passing through point X 

n Idxdy 

= - 2 “prr^ l0 «( px > 

= - mfzrfi log (** + y 2 ) dx d v 


Total e.m.f. induced at point P per cm. length of 
conductor by total current in conductor uniformly 
distributed 



col 

£(2 - (3). 


'P 

log (x 2 + y 1 ) dx dy — a P coI 


(5) 


Now, the average value of the e.m.f. induced in the con¬ 
ductor by a uniformly distributed current is the inductive 
drop at zero frequency, so that we may write 


Lcol — average value of E p 

rrs 

<j p dp dq 


col 


0(2 - 0 ), 


The difference between the induced e.m.f., E, p at P and 
the inductive drop, Tool, must be absorbed by eddy 
currents. 

As a first approximation the magnetic field of the eddy 
currents is neglected. 


Then, eddy-current density at X 

= (<r, - £)toI/[Bj3(2 - j5)] 


The e.m.f. due to the eddy currents may now be approxi 
mately calculated. 

~P 

{cr x ~ L ) log (x 2 -|- y 2 ) dx dy 


Ep 


co 2 I 


( 6 ) 


G?1 


50(2-j8)J 
8 

ftp dp dq — IcoPl/R — average voltage-drop 


50(2 - 0)1 

in conductor due to the magnetic field of the eddy 
currents. This voltage is an approximate measure of the 
increase of resistance-drop in the conductor due to the 
eddy currents. 


The difference between E p and lco 2 IfR is the reactance 
drop at P due to the eddy currents, and is in quadrature 
with them. The vector sum of the resistance- and 
reactance-drops due to the eddy currents is equal to 
the voltage E p — Lcol. Therefore 


VR0( 2 ~ 0) 


2 

+ 


0 , 21-12 I - -12 

. 9 [(E P - Lcol) 2 - {E' v - lco 2 IjR) 2 ] 
*P R 2 [3 2 {2 - 0) 2 


Eddy-current losses in conductor 


= - c 2 (o m 2 ] 

Then 

Rq/R = 1 + c^coIR) 2 - c 2 (a'/i?) 4 ... (7) 


The reactance-drop due to the eddy currents was not 
calculated precisely in the development of equation (7). 
The exact calculation requires a series of successive 


Table 2 


p 


C 2 /Cl 

1 

0*0969 

0*080 

0-8 

0*0804 

0*062 

0*6 

0*0508 . 

0*036 

0*4 

0*0261 

0*025 

0*2 

0*0113 

0*034 

0*0 

0*0062 

0*061 


approximations which would modify equation (7) to 
equation (8). 

RqIR = 1 -1- c^colRf - c z {cofR ) 4 

-j- c 3 (m/i?) 6 — c 4 (a>/i?) 8 +.(8) 


The expression on the right-hand side of equation (8) 
forms a convergent series, but, except for small values of 
cofR, the convergence is very slow and the equation is 
unsuitable for numerical calculation. The equation maj'’ 
be modified to equation (9). 


= j , _ CijcofR ) 2 __ 

* {l + (c 2 /c^)(a>/iJ) 2 + .. .} n ’ 


(9) 


If n is 'chosen suitably the convergence of the series in 
the denominator of equation (9) is so rapid that only the 
term in ( cofR ) 2 need be calculated in order to evaluate 
R 0 /R within a few per cent for all values up to 4. 

Equation (9) then becomes equation (10) to a close 
approximation. 


Rg = x ,_ 

R {i + ( 



The coefficients c x and c 2 /c x have been evaluated by the 
method outlined in the Appendix for six values of 0 and 
are given in Table-2. 
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In order to be able to interpolate for intermediate 
values of (3 it is convenient to relate o x and Cg/Cj to $ by 


0 

n 

Value of v' («/ff) at which 
graphs of high- and low- 
frequency formulae meet 

0-01 

0-685 

40 

0-02 

0-641 

20 

0-03 

0-607 

13-5 

0-04 

0-577 

10-5 

0-05 

0-550 

9-2 

0-06 

0-526 

8-0 

0-08 

0-482 ' 

6-0 

0-10 

0-443 

5-1 

0-12 

0-409 

4-5 

0-14 

0-380 

4-0 

0-16 

0-355 

3-7 

0-18 

0-335 

3-4 

0-20 

0-320 

3-2 

0-21 

0-314 

3-1 

0-22 

0-309 

3-0 

0-23 

0-304 

2-9 

0-24 

0-301 

2-8 

0-25 

0-300 

2-8 

0-26 

0-301 

2-7 

0-27 

0-304 

2-7 

0-28 

0-308 

2-6 

0-29 

0-313 

2-6 

0-30 

0-320 

2-6 

0-31 

0-329 

2-6 

0-32 

0-339 

2-5 

0-33 

0-351 

2-5 

0-34 

0-365 

2-5 

0-35 

0-381 

2-5 

0-36 

0-399 

2-5 

0-37 

0-419 

2-5 

0-38 

0-441 

' 2-5 

0-39 

0-464 

2-5 

0-40 

0-489 

2-5 

0-41 

0-516 

2-5 

0-42 

0-545 

2-5 

0-43 

0-575 

2-6 

0-44 

0-606 

2-6 

0-45 

0-635 

3-0 

0-46 

0-658 

3-8 

0-47 

0-667 

4-5 

0-48 

0-673 

5-0 

0-49 

0-678 

5-5 

0-60 

0-682 

6-1 

0-52 

0-689 

7-1 

0-54 

0-694 

7-7 

0-56 

0-697 

8-1 

0*58 

0-700 

8-3 

0-60 

0-702 

8-4 

0-70 

0-704 

9 

0-80 

0-703 

9 

0-90 

0-700 

8-5 

1-00 

0-699 

8 


means of approximate equations, which have been found 
by a process of trial and error. These equations are 

( 11 ) 

~ = T7^{ 61 ~ 186 £ + 240 i 82 ~ 36 ( 59 } • (12) 

Cj i oou 

A value of n is then adopted so that the graphs of 
equations (10) and (4) meet each other tangentially. 
Table 3 shows the necessary values of n for various values 
of / 3 , together with the value -\/ (toJR) at which the 
graphs of equations (10) and (4) meet. 

Experimental measurements have been made at the 
National Physical Laboratory on three sets of conductors 
having values of /3 equal to LOO, 0-398, and 0-079 
respectively. 


Table 4 


/? 

1. 

Equation 

for 

calculating 

Rq/R 

2. 

V (w/K) 

3. 

Calculated 
value of 

2*0 W 

4. 

Measured 
value of 
Ito/Ii 

5. 

col. 6 
col. 4 

6. 



0-95 

1-074 

1-069 

0-99 6 



1-35 

1-257 

1-253 

0-99 7 



1-92 

1-683 

1-665 

0-98 9 

1 

(10) 

2-78 

2-373 

2-355 

0-99 2 



3-30 

2-765 

2-771 

l-00 2 



3-80 

3-14 

3-14 

i-oo 0 



4-26 

3-47 

3-47 

l-00 o 



4-66 

3-78 

3-76 

0-99 5 

0 ■ 398 

(10) 

0-77 

1-009 

1-010 

l-00 x 



1-09 

1-035 

1-035 

l-00 o 



1-54 

1-129 

1-125 

0-99 6 



2-25 

1-441 

1-426 

0-99 0 

0-398 

( 4 ) 

2-67 

1-704 

1-675 

0*983 



3-08 

1-965 

1-943 

0-98, 



3-45 

2-201 

2-190 

0-99 6 



3-78 

2-411 

2*411 

l-00 o 

0-079 

(10) 

0-465 

1-000 

1-001 

l-00i 



0-678 

1-001 

1-003 

i-OOg 



0-927 

1-005 

1-006 

1-OOjl 



1-136 

1-011 

1-013 

l-00 2 


Table 4 shows a comparison between the calculated 
and experimental values of BJJR. The greatest dis¬ 
crepancy shown is 1 • 7 %; and the average discrepancy, 
ignoring sign, is 0 • 4 %. 

(3) PROXIMITY EFFECTS 

In general, square conductors should not be placed 
close together, as the proximity effects are liable to be 
very large. If a small spacing between conductors is 
desired, other sections are more suitable. It is seldom, 
however, that the conductors of a system are placed so 
far apart that the proximity effects are completely 
negligible, and cases occasionally arise where it is 


Table 3 


Cl 160 


-fl a __ ±fi8 

2<r 
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advantageous to use a square conductor even though the 
spacing between conductors is relatively small. 

It is a simple matter to calculate the proximity losses at 
very low frequencies, but the problem becomes so com¬ 
plex at higher frequencies that experimental figures have 



Fig. 1.-Single-phase system of two hollow square con¬ 
ductors. (Sectional view.) 


to be used as a guide in devising a formula. In earlier 
papers by the author, and in the work on isolated, square 
conductors in this paper, experimental results have been 
used solely as a check on the theoretical work. The 
check has, however, been so close that there is little 
danger of serious error in a semi-empirical formula for 
proximity losses, although it is to be hoped that a mathe¬ 
matician will eventually develop a formula based on 
theory alone. 

Two cases of proximity will be considered. The first is 
a system of two conductors forming a single-phase system. 
The second is a system of three conductors forming a 
8-phase system. The conductors are assumed to be 
parallel, and their normal sections appear as in Figs. 1 
and 2 respectively. 


(a) Single-phase system of two conductors 
(i) Low frequency: conductors far apart (a small). 

If the conductors are far apart the return current may 
be assumed to be concentrated along the axis of the 
return conductor. 

E.M.F. at P per cm. length of conductor due to current 
in both conductors 

= + Oil log {(s - p) 2 + ? 2 } 

Average e.m.f. over conductor section = Lool + col log s 2 



Fig. 2.—Three-phase system of three hollow square con¬ 
ductors. (Sectional view.) 


since p and q are small compared with s (a = 1/s, if d 
is taken equal to unity). 

Eddy-current losses in conductor 


1 

■W - j3) fc 
1 

3(2 - j8) 



r s 

^(E p — Loil) — 2mJpaj 2 eZp dq 


— Leal) 2, dp dq + 


r s 

4o> 2 i 2 p 2 a 2 dp dq 


(14) 


The integral of the product term is zero. The first 
term in equation (14) is the amount of the eddy-current 


Table 5 


a 

ir in 

Proximity effect 

Proximity effect 
(«V >VR 2 ) 

0 

l+0-0969(6e/i?) 2 + 

-i(a>/£) 2 ct 2 : 

0-333 


|(m/P) 2 a 2 



0-4 

l+0-1500(a)/i?) 2 

0-0531(co/J2) 2 

0-332 

1-0 

1 + 0-4074 (o)lR) 2 

0-3105(m/A!) 2 

O.-SlOg 


losses in an isolated conductor, and the second term is 
the additional loss due to the return conductor. 


m 2 - ft) 


rS 

4<n 2 I 2 _p 2 a 2 dp dq 


4oj 2 I 2 a 2 

*j8(2-j8) 


2 

*-1(1-0) 

r- 

p 2 dp dq + 2 

r4(l-0 

--K1-0) ~ 
p 2 dp dq 

_■ - 


- 1- 


-4 


aj 2 i 2 a 2 

3i? 


{2 - 2£ -|- /3 2 } 


Proximity effect 

E ddy-current losses due to return conductor 
Direct-current losses in conductor 


= £oc 2 (m/P) 2 (2 - 2/3 + /3 2 ) .. . • (15) 


Equation (15) is only valid for small values of a. .For 
larger values it is necessary to calculate the combined 
losses in the conductor by the method already outlined 
in the case of the isolated conductor. Table 5 shows the 
results of these calculations for two values of oc in the case 
of the solid conductor (/?= 1). 

It may be seen from Table 5 that equation (15) is 
substantially correct for values of oc up to 0-4, but 
above this value the equation slightly overestimates the 


proximity effect. 

An improved equation 
tion (15) as 

Proximity Effect = 


is obtained by writing equa- 

co 2 I%2(2 —2/3+/S 2 ) 


E.M.F. at P which must be absorbed by eddy currents 

- A ~ Loil) + oil log j(l - + (f) } 

^ (E p - Lai) - 2coIpc/. approximately . (13) 

Vol. 82. 


The modification of equation (15) to equation (16) has 
only been checked theoretically for solid conductors and 
may not be strictly true for hollow conductors. The 
correction is, however, very small, and some error in its 
value is not of great importance. 

35 
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Table 6 


Table 6 —continued 


Calculated and Experimental Values of R'/R for 
Single-Phase System of Conductors 


V (“/-R) 

1. 

Calculated value 

of ir/n 

2. 

Measured value 
of R'/R 

3. 

Col. 

Col. 2 

4. 

B = l; a = 

: 0-988. 



0-95 

1-277 

1-271 

0-995 

1-35 

1-792 

1-780 

0-993 

1-92 

2-729 

2-689 

0-985 

2-78 

4-27 

4-27 

1-000 

3-30 

5-23 

5-23 

1-000 

3-80 

6-18 

6-18 

1-000 

4-25 

7-03 

7-07 

1-006 

4-66 

7-85 

7 • 86 

1-001 

P = 1; a = 

: 0-829. 



0-95 

1-216 

1-209 

0-994 

1-35 

1-598 

1-605 

1-004 

1-92 

2-315 

2-309 

0-997 

2-78 

3-47 

3-47 

1-000 

3-30 

4-15 

4-14 

0-998 

3-80 

4-82 

4-78 

0-992 

4-25 

5-42 

5-39 

0-994 

4-66 

5-97 

5-94 

0 • 995 

p = l; oc = 

= 0-718. 



0-95 

1-181 

1-176 

0-996 

1-35 

1-499 

1-510 

1-007 

1-92 

2-121 

2-120 

1-000 

2-78 

3-12 

3*10 

0-994 

3-30 

3-70 

3-69 

0-997 

3-80 

4-26 

4-24 

0-995 

4-25 

4-76 

4-74 

0-996 

4-66 

5-23 

5-19 

0-992 

j3 .= 1; a = 

: 0-495. 



0-95 

1-124 

1-122 

0-998 

1-35 

1-363 

1-373 

1-007 

1-92 

1-869 

1-862 

0-996 

2-78 

2-680 

2-669 

0 • 996 

3-30 

3-15 

3-12 

0-990 

3-80 

3-59 

3-57 

0-994 

4-25 

3-99 

3-98 

0-997 

4-66 

4-35 

4-34 

0-998 

P = 1 ; a = 

0-263. 



0-95 

1*088 

1-083 

0-995 

1-35 

1-285 

1-286 

1-001 

1-92 

1-732 

1-718 

0-992 

2*78 

2-453 

2-437 

0-993 

3-30 

2-863 

2-862 

1-000 

3-80 

3-25 

3-25 

1-000 

4-25 

3-60 

3-60 

1-000 

4-66 

3-92 

3-91 

0-997 




0 


0 


/3 


sss 

0-398; 

a 

= 

0-978. 



0- 

77 


1 

139 

1 

133 

1 

09 


1 

362 

1 

387 

1 

54 


1 

831 

1 

856 

2 

25 


2 

671 

2 

668 

2 

67 


3 

26 

3 

23 ' 

3 

08 


3 

85 

3 

83 

3 

45 


4 

39 

4 

41 

3 

78 


4 

89 

4 

95 

_ 

0-398; 

a 

— 

0-818. 



0 

77 


1 

101 

1 

100 

1 

09 


1 

256 

1 

274 

1 

54 


1 

565 

1 

584 

2 

25 


2 

168 

2 

147 

2 

67 


2 

605 

2 

549 

3 

08 


3 

039 

2 

982 

3 

45 


3 

•43 

3 

39 

3 

78 


3 

79 

3 

77 


0-398, 

a 

— 

0-616. 



0 

77 


1 

•061 

1 

061 

1 

09 


1 

•157 

1 

169 

1 

54 


1 

•351 

1 

358 

2 

25 


1 

•798 

1 

771 

2 

67 


2 

■139 

2 

090 

3 

08 


2 

■477 

2 

426 

3 

45 


2 

•783 

2 

752 

3 

78 


3 

•06 

3 

04 


0-398, 

a 

= 

0-336. 



0 

77 


1 

■025 

1 

027 

1 

09 


1 

•070 

1 

074 

1 

54 


1 

•189 

1 

190 

2 

25 


1 

•535 

1 

514 

2 

67 


1 

818 

1 

779 

3 

08 


2 

098 

2 

063 

3 

45 


2 

351 

2 

333 

3 

78 


2 

577 

2 

564 

= 

0-398, 

oc 


0-231. 



0 

77 


1 

016 

1 

017 

1 

09 


1 

051 

1 

053 

1 

54 


1 

157 

1 

155 

2 

25 


1 

484 

1 

468 

2 

67 


1 

756 

1 

724 

3 

08 


2 

026 

2 

000 

3 

45 


2 

269 

2 

254 

3 

78 


2 

486 

2 

482 


0-079; 

a 

= 

0-990. 



0 

232 


1 

002 

1 

003 

0 

329 


1 

007 

1 

008 

0 

465 


1 

026 

1 

027 

0 

678 


1 

115 

1 

109 

0 

927 


1 

304 

1 

309 

1- 

136 


1 

503 

1 

539 


0-995 

1-018 

1-014 

0-999 

0-991 

0-995 

1-005 

1-012 


0-999 

1-014 

1-012 

0-.990 

0-979 

0-982 

0-988 

0-995 


1-000 

1-010 

1-005 

0-985 

0-977 

0-979 

0-989 

0-993 


1-002 

1-004 

1-001 

0-986 

0-979 

0-983 

0-992 

0-995 


1-001 

1-002 

0-998 

0-989 

0-982 

0-987 

0-993 

0-998 


1-001 

1-001 

1-001 

0-995 

1-004 

1-024 
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Table 6 —continued 


J8 


0 


/3 


= 0-079; 

a - 0-764. 



0-678 

1-070 

1-065 

0-995 

0 • 927 

1-183 

1-177 

0-995 

1-136 

1-287 

1-292 

1-004 

= 0-079; 

a = 0-470. 



0 • 678 

1-027 

1-026 

0-999 

0-927 

1-072 

1-068 

0 • 996 

1*136 

I • 109 

1-108 

0 • 999 

= 0-079; 

a = 0-307. 



0 • 329 

1-001 

1-002 

1-001 

0-465 

1 • 003 

1-004 

1-001 

0-678 

1-013 

1-013 

1-000 

0-927 

1-033 

1-032 

0-999 

1*136 

1 • 052 

1 ■ 052 

1-000 


(ii) High frequency: conductors almost touching (a. -- 1). 

At very high frequencies, with the conductor's almost 
touching, the current will be concentrated on the side of 
the conductor nearest to the return conductor, the dis¬ 
tribution of the current will be substantially uniform 
along this surface, since the magnetic field will be the 
same at all parts except near the two ends. The current 

will penetrate the conductor to a depth of \/[p/{Z 7TO))]- 

Then R' = -=-£-= yj&ntop) 

d\/[pl{2irco)] ® 

= V[(2wmB] 8)(2 “ iS)] 

Therefore 

§-Vp^W[®^] • 


(iii) Universal formula. 

It is now possible to adopt a semi-empirical formula 
which satisfies equation (16) at low frequencies and 
equation (17) at high frequencies, and which gives 
values in good agreement with experimental results at 
intermediate frequencies. This formula is set out in 
equation (18). 


R' 

It 


E 


It 


? + 


a 2 A(a)jR) 


A(fi) 


( 18 ) 


.1 - a 2 J3(a)/f?) J 
RJR is defined by equations (4) and (10) 

4(co/JJ) = |(co/22) 2 for values of coJR less than 0*5. (19) 


4 {cofB) 
B(a o/R) 


0-27 -f \\/(ojJR) for values of cojR greater 
than 0-5 .• ( 2 ^) 


1 ( 20V(c o/R) - 3 
V2\20 V(co/B) + 30 j 

V(coJR) 


a 


{ 


2 + 2 V(«AR) + (W-R) 6 


j - • 


( 21 ) 


. (2 - 2/3 + 0 2 ) -|- (o>/i2)/V( 2 - ft 

A[P) ~ 1 + (co/22)VJB 


( 22 ) 


Table 6 shows a comparison between values of 2T/2? 
calculated by equation (18) and experimental values of 
72722 for three values of /3. The greatest observed 
discrepancy is 2-4%, and the average discrepancy, 
ignoring sign, is 0 ■ 6 %. 


(b) Three-phase system of three conductors 

(i) Low frequency: conductors far apart (a small). 

Let current in middle conductor (B) = I 

Let current in outside conductor (A) = J(— | + | vV) 

Let current in outside conductor (C) = J(—■ |— | V3j) 


Loss in middle conductor (B). 

E.M.F. at P due to conductors A and C to be absorbed 
by eddy currents 


= 2a u>Ip[(- | + W 37) - (- | - |V 3 i)] 


= 2\/\]atoIp 
Losses in conductor B — 


12a 2 a> 2 ! 2 
22 . 


-S 

p 2 dp dq 


a 2 a> 2 7 2 

22 


(2 - 2j8 + £ 2 ) 


(Eddy-current losses in conductor B 
due to conductors A and C) 

Proximity effect - pirect-currect losses in conductor"! 


= a 2 (o)/J2) 2 (2 ~ 2/3 + j6 2 ) • . • (23) 


Loss in outer conductor (A). 

E.M.F. at P due to conductors B and C to be absorbed 
by eddy currents 


— — 2aco2p{ 1 + |(— | — |vV)} 

= - acoJp{3/2 - |V3i} 


Losses in conductor A = 


3a 2 co 2 J 2 


*5 

p 2 dp dq 


= |a 2 (w 2 2 3 /22)(2 - 2/S -|- /3 2 ) 


Proximity effect — -|-a 2 (a>/22) 2 (2 — 2/S + /3 2 ). . (24) 

Average proximity effect for the three conductors 

= |a 2 (co/22) 2 (2 - 2/3 + /3 2 ) • . - (25) 

A comparison with equation (15) of equations (23), (24), 
and (25), shows that at low frequencies and for small 
values of a the proximity effect in the middle conductor 
of a 3-phase system is 3 times the proximity effect in each 
conductor of a single-phase system, while the pioximity 
effect in each outer conductor is § of the proximity effect, 
single-phase. 

The average proximity effect for the three conductors 
is 50% greater than the single-phase proximity 
effect. 
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(ii) High frequency: conductors touching (a — 1). 

In this case, as in the single-phase system, the current 
in each conductor will be concentrated along the side 
nearest to the adjacent conductor. 

For the middle conductor, the current will split up 
into two components equal and opposite respectively to 
the current in each outer conductor. The total loss in 
each outer conductor will therefore be the same as in the 
single-phase system, while the total loss in the middle 
conductor will be twice as large as in the single-phase 
system. Thus, from equation (17), 

R'/B — 27r-y / [/jS(2—/3)/i2j for each outer conductor (26) 

R'/R — 477 A /[//S(2-/3)/^] for the middle conductor (27) 

For the average of the three conductors, 

R'fR = -i7rV[//3(2 - j8)/R] . . . (28) 

It is permissible to split up equation (28) into com¬ 
ponents, one of which is equal to RJR and the balance is 
the proximity effect. Then 


R'lB = 2V[/jS(2 - j8)/S] + (|t r - 2) V[/j8(2 - j8)/B] 
= 2V[//3(2 - 0 )JB] + 6-38V[//3(2 - £ )/B] (29) 


for the average of the three conductors of a 3-phase 
system, and 


R'lB = 2 V[/j8(2 - /3 )fR] + (27T - 2) y[ff(2 - j3)/22]- 
= 2 V[fP(2 - f3)/R] + 4-28V[/j3(2 - ft fit] (30) 


for each conductor of a single-phase system. 

From equations (29) and (30) it may be seen that the 
average proximity effect in the 3-phase system is 49 % 
greater than the single-phase proximity effect. 

It has already been shown that at low frequencies, for 
small values of a, the average proximity effect in the 
3-phase system is 50 % greater than the single-phase 
proximity effect. 

The percentage increase of proximity effect on the 
3-phase system as compared with the single-phase system 
is therefore almost exactly the same at high and low 
frequencies, and, in default of evidence to the contrary, 
the same percentage may be assumed to hold at all fre¬ 
quencies. For the 3-phase system of conductors, there¬ 
fore, the following equation may be assumed to be 
applicable for all values of c o]R :— 


f - (w + 


- I a?A(gjlR) ~ 
_1 - cc 2 B(oj/R) _ 




(31) 


It may be observed that the distribution of losses 
between the three conductors is not the same at low and 
high frequencies, and it is not possible to say what the 
distribution would be at intermediate frequencies. 


(4) EXPERIMENTAL WORK 

The method employed in obtaining accurate experi¬ 
mental results has already been fully described in previous 


papers.* The values of B 0 JB given in Table 4 were 
obtained by extrapolating experimental curves showing 
the variation of R'fR with a to zero value of a. The 
values of R'/R given in Table 6 were actually measured 
values. Small corrections were made for change of 
resistance due to air temperature. 


(5) WORKING FORMULAE 

The formulae developed in this paper are gathered 
together here for convenient reference. 


Isolated conductors. 




1 OOOn 


(61 -185/3+ 240/3 2 — 36/3°) 


at low frequencies. 

[From equations (10), (11) and (12).] 

The values of n for various values of 8 are given in 
Table 3, and also the upper limit of \/(co/R) for which this 
formula is valid. Above this value of \'{coJB) the 
following high-frequency formula should be used:— 



m - p)j t 


2^(2 - 

7r \RJ 


(4) 


Single-phase system of two conductors. 

A' _ R 0 
R ~ ~R 

+ r (2 — 2/3 + /3 a ) + (gj/R)p V(2 — /3)~] r aM{coJR) ~j 

‘ L 1 + {co/R) J L1 - a 2 F(m/.B)_ 


[From equations (18) and (21).] 


Three-phase system of three conductors. 

Average value of 
A' _ Bq 

R ~R 


r( 2 - 2 ft + /3 2 ) + (co/R)PV(2 - j8n 

r fa 2 A (co/R) “1 

L l + (co/AJv'jS J 

__1 —a 2 B(m/A) J 


[From equations (29) and (21).] 
A(a)/R) — -g+j/A) 2 for values of (co/R) less than 0 • 5 (22) 


A(a)/R) 


*(f) 


!V(w/A) - 0-27 

for values of (co/R) greater than 0 ■ 5 (19) 


)= 1 

~ 20V(w/A) - 3 “j 

/ V2 

„20-y/(oo/A) + 30_ 


V(oj/R) 


.2 + 2 V(oo/R) + (co/A) 6 _ 

* Journal I.E.E., 193D, vol. 77, p. 49; and 1930, vol. 78, p. 580. 


(20) 
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crpfi(2 - fi) = 


APPENDIX 

Evaluation of Coefficients c x and c 2 (See Table 2) 
rP 

log (x 2 + y 2 dx dy 

?) 2 ] 

q) log [(| —• P] 2 4* (2 “ ?) 2 ] 

1 - + + tan - 1 (| 


(i- + p) a + 3) log [(i-+^) 2 + a + ?) 2 ] + (i-+ p) (i- - ?) [(i + ^) 2 + & 


+ m 


+ (i +pf 

+ (i + ?) 2 

— (i + p - 

- (i + p - 


p) (-k + q) log [(J - ^) 2 + (1 + #] + (I - P) (I 

1 

+ (* 


tan -1 t 


tan* 


I + P 


;) + 


tan* 


yj) +(|-3 >) 2 J“- l (|4if) 


i + P 


4 - tan* 


I - P 


4* (| — q)‘ 


m (i 
m (i 


-(* 

-(* 


-i 4 - ? 

g - |/3) log [(-| + p — -|/3) 2 4- (i + 2 

q - l*j8).log [(£ + jp - |*£) 2 4- (I - 2 

£> — J/3) 2 4- (2 4- <1 

p - 


tan -1 ^ 


P 

1- +P 


+ tan 


_i 


P 

■P 


p - i/3) (i + « - i/3) log [(I 

p-ma-i - ip> lo « [a 


wl 

i/3) 2 ] 

tffl 2 ] 


(i + j> — 


a-p- wr- 

(i + 9 - i/3) 2 


tan* 




a - 1 - p 


-1 


- (I - q 

- 3/3(2 - /3) 




tan 


tan -1 


tan* 


i 4* ? — 1/3 


■ 2 > 


iW + (.1-1- il 8 ) 2 ] 

- W\ + , tan -i ( i-t- ii ) 

■—pj + -tan l vi+p _ ij3 ; 

- i/3\ , t 1 i t ~ 1 ~ 

ITlfiJ + tan U - B - «/ 


i+P-1 


2 + ? 
*J 4* i 3 


-1]B \ 

-tf/ 


+ tan - 1 (| 
'2 

4 - tan -1 


i — 2 — 1 


+ tan 


-( 


P- i 

_ pazM\ 

^ J r Q ~ 1/3/ 

1 


•P 




2 ~ 


(32) 


The value of cr# may he evaluated from equation (32) 
for any values of p and q and for any value of fi. This is 
as far as it is practicable to proceed by rigid mathematics, 
and further progress is made by approximate integration. 
a p is evaluated, for any given value of fi, for a large 
number of values of p and q. From the values so ob- 

TS 


0 , y = 0 
-|S, y = 0 
S, y — 0 


tained, the value of the integral 


1 


a v dp dq — L 


W - m 

is determined by approximate integration, employing 
Simpson’s rule. Finally, the coefficient c x is determined 
in a similar manner by evaluating approximately the 
m rS 


A 4 - (4B—3 A—G) (®/ 8 ) 4 - {0 4- A - 2 B) ( 2 ® 2 /S 2 ) 


integral 


(o p — Lf dp dq. - 


w^mr* .. . 

The coefficient c 2 is evaluated in a similar manner to 
the coefficient c v but in tins case it is not possible to 
perform even the first integration by rigid mathematics. 

The first expression to be integrated by approximate 
integration is 

crP 

1 - gr (or* - L) log (x 2 4 - y 2 ) dx dy 

p( 3 — P) J. 

This expression contains an infinite point, x = 0, 
y ss 0, and at this point the rules for approximate 
integration cannot be applied. The difficulty is over¬ 
come by substituting a simple expression for the true 
expression which is valid near the origin and which can 
be integrated. 


Thus, let {a x — L) — A when x 
let (cr® — L) — B when x 
let (03 — L) — C when x 

where 8 is a small value of x. 

Assuming, that in the range of x between zero and 8 , 
the values of (<j x — L) may be represented by a parabola. 
Then, 

[a x -L) 

rs 

(ar x — L) log X 2 dx 

'5 

[A + (45 -3A - G) (as/ 8 ) 

0 4 - (C 4- A - 2J5)(2as 2 /S 2 )] log as 2 dx 

= 28 [A{(log S) - l} 4- i{4B ~ 3A - Cj}{(log 8) - |> 

+ §{<7 +'4 - 2s}{(log 8) - *}] • (33) 

The remainder of the integration by Simpson’s or the 
three-eighths rule is quite straightforward. 

In evaluating c x and c 2 the interval between successive 
values of the function to be integrated approximately was 
taken as 0 • 05 where the side of the square is unity and the 
value of 8 was taken as 0-1. For 8 == 0-1, equation (33) 
becomes equation (34). 
r 0-l 

(Oa-L) log X 2 dx=~ 0 • 66052^4 — 0 • 28026(4E- 3 A-C) 

0 — 0-3514(C~M-2B) . . (34) 




DISCUSSION ON 

“RECENT DEVELOPMENTS IN TELEGRAPH TRANSMISSION, AND 
THEIR APPLICATION TO THE BRITISH TELEGRAPH SERVICES ”* 


WESTERN CENTRE, AT GLOUCESTER, 13th DECEMBER, 1937 


Mr. G. R. Tamplin: The authors refer to the intro¬ 
duction of “ ancillary ” facilities at head offices to 
improve operating conditions. At the Bristol head office, 
85 lines are dealt with at 20 ancillary positions. Under 
the original conditions these lines would have demanded 
85 teleprinters. The economies in instrument and 
operating costs, together with the employment of auto¬ 
matic answer-back signals from the “ out ” offices, 
enable telegraph offices to be maintained at smaller 
places where the amount of traffic would not otherwise 
justify their employment. 

The conveyor band system used in head offices pro¬ 
vided an interesting problem in elementary science, in 
that static electrification of the belts in dry weather 
caused telegraph forms to adhere. The difficulty was 
combated by, amongst other means, the use of a steam 
kettle to introduce moisture in dry weather, and was 
finally cured by employing a belt with interwoven 
metallic strands. 

Mr. H. W. Gifford : Will the authors inform me why 
it was necessary some time ago to spend at least half an 
hour each morning on “ lining up ” the equipment at 
Milford Haven prior to the day’s traffic ? As the power 
plant was running continuously the plant ought to have 
been sufficiently stable for this to be obviated. The 
circuits too were often transferred to the physical con¬ 
ductors, presumably on account of distortion. Trouble 
was also experienced at Haverfordwest, but it is under¬ 
stood that greater stability has been achieved with the 
present-day equipment. So far as the Gloucester section 
is concerned, we have a 4-channel system worldng from 
Cheltenham, and very little trouble has been experienced 
at that office. 

It speaks well for the training staff at Dollis Hill that 
after a few months’ training at headquarters new recruits 
to the Department can efficiently maintain this very 
intricate and costly apparatus, which, to those who were 
closely associated with duplex, quadruplex, and Wheat¬ 
stone worldng, is the greatest achievement in the history 
of telegraph communication. 1 

Col. H. Carter : The paper describes a change in the 
telephone and telegraph systems of the British Post 


* Paper by Messrs. L. H. Harris, E. H. 
vol, 80, p. 237). 


Jolley, and F. O. Morrell (see 


Office which may perhaps be described as analogous 
to changing over a grid transmission system which 
attempted to transmit that part of its load which is 
required for lighting by direct current and the remainder 
by alternating current to a wholly a.c. transmission 
system. 

A noteworthy part of the change has been the complete 
elimination of the use of the Morse Code. I should like 
to ask the authors whether the development of small 
synchronous motors is likely to be of any assistance in 
the working of the teleprinter system. 

Finally, it would be of interest to know what progress 
had been made in the study of the automatic switching 
problem since the paper appeared in the Journal. 

Messrs. L. H. Harris, E. H. Jolley, and F. O. 
Morrell (in reply ): Some economy in apparatus and 
operating costs have resulted, as Mr. Tamplin states, 
from the introduction of “ ancillary ” working, and tins 
has enabled teleprinter working to be justified at tele¬ 
graph offices where formerly the telegrams were disposed 
of by telephoning to the head office. 

In reply to Mr. Gifford, the voice-frequency equipment 
does not normally require any preliminary “ lining-up " 
such as he refers to, and it works for long periods without 
re-adjustment. It is thought that there may have been 
some early troubles at Milford Haven due to the fact 
that the plant was installed at extremely short notice 
when it was decided, as a result of a serious storm break¬ 
down, not to restore the overhead route but to lay under¬ 
ground cables. Also, in the early stages an alternative 
4-wire circuit was not available and a failure of this 
circuit involved a return of the telegraph circuits to 
physical conductors. 

In reply to Col. Carter, progress in the design of a 
synchronous motor specially adapted for the teleprinter 
has been made and it is hoped ultimately to use these 
motors at out-offices where a frequency-controlled alter¬ 
nating-current supply is available. 

With regard to the reference to automatic teleprinter 
switching, it can be said that successful field experiments 
have now been carried out which have demonstrated the 
practicability of the proposed methods of interconnecting 
teleprinters for the transmission of telegrams direct to the 
office of destination 
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DISCUSSION ON 

“FIRE PRECAUTIONS IN MAJOR ELECTRICAL STATIONS”* 

SCOTTISH CENTRE, AT EDINBURGH, 26TH OCTOBER, 1937 


Mr. E. Seddon : The paper is timely because the very 
serious fire which occurred last year in the switch-house 
of a Yorkshire municipal power station has focused the 
attention of power-station engineers on the suitability of 
their own appliances for dealing with similar fires which 
may occur on plant under their charge. 

We must do everything we can to prevent the spread 
of fire, from whichever source it comes, by isolating as 
far as possible each section of plant from its neighbour. 

In selecting apparatus for extinguishing fires we are 
confronted with so many different types of appliances 
that we are apt to be confused as to the most suitable 
plant to install, and I think we need some lead from a 
responsible authority on this matter. 

Referring to switchgear fires, I do not think we power- 
station engineers pay sufficient attention to the piotection 
of cables inside the power house. In a recent extension 
of switchgear in Edinburgh we have tried to improve on 
the old methods by laying the high-voltage cables in 
sand troughs below the switchgear; and where cables 
rise into the switch-room we are building around the 
cables brick compartments filled with sand up to a point 
immediately below the cable boxes. Also, in the case of 
the main switchgear we have a graded floor with a 6-in. 
drain pipe below each switch unit. In addition to these 
precautions fixed pipes conveying fire-foam, operated 
from the floor beneath, can be brought into use in case 
of fire. 

If I were about to design a new power station I should 
seriously consider the complete elimination of all primary 
switchgear from the power house by installing the 
alternator switches in the major substations.. Besides 
having the advantage of reducing fire risks, this scheme 
would save a good deal of capital expenditure on 

switchgear. _ 

The author makes only a brief mention of the risks of 
fire from lubricating oil. It is well known that a leaky 
oil pipe over a high-temperature steam pipe may cause 
a disastrous fire, and we have done our best to reduce 
risks of this nature by installing large mild-steel trays 
below the oil-storage tanks and having a large pipe con¬ 
nection from these trays to the drain. In spite of all 
the precautions we may take in this direction, however, 
the possibilities of fire in various forms have to be 
reckoned with, and it-is essential that we provide fiie- 
fighting apparatus to cope with any emergency. 

Mr. W. J. Cooper : The author mentions the stability 
and suitability of outdoor-type switchgear so far as fire 
protection is concerned. This seems to indicate that 
he feels that the industry will be forced to adopt a umt- 

* Paper by Mr. F. C. Winfield (see vol. 81, p. 289). 


type construction, forgetting entirely the practice 
of trying to bring all our switches and cables into 
confined areas within a building. I imagine that in the 
power station and major substation of the future 
the important component parts of the plant will be 
separated in one of the ways suggested by the author, 
and perhaps the separation may even be carried much 
farther—into separate buildings: in this case, not only 
would there be a physical barrier between the plant items 
but there would be a space between the buildings con¬ 
taining the unit-type construction. 

I agree with him that technical perfection and 
reliability are probably only limited by what is rather 
vaguely called “ practical economics,” and it seems to 
me that practical economics is just a question of length 
of view. 

Mr. Norman C. Bridge : I agree in general with most 
of the author’s contentions, but when he advocates dupli¬ 
cation as a fire precaution I feel that this may be going 
a little too far. Duplication by all means for service 
purposes, where this is economically justified, and also 
segregation up to a point, but duplication merely as a fire 
precaution would seem to be an unjustified extravagance. 
Bearing in mind the high initial cost of modern power- 
station switchgear, it is surely better to devote the whole 
of the money available to single gear of undoubted 
dependability. 

Regarding the question of the oil risk on generating 
sets, to which Mr. Seddon has referred, I am sorry to see 
that he has his oil tank right up against the machine. 
With the latest plant in one of the power stations in the 
West in which I am interested, we have prevailed upon 
the manufacturers to keep the oil tanks right away from 
the machines, and I imagine that this will become the 
regular practice. 

There is just one other point I would mention, and 
that is the question of switch-house heating and ventila¬ 
tion. To ensure dry gear, movement of the air may be 
of even more value than heating, but segregation of the 
gear carried to any considerable extent would seem to 
imply a multiplicity of ventilating outfits. This is not 
very economical, and I should like to ask how the authoi 
would propose to meet the point. 

Mr. J. Eccles : The first important point made by the 
author is the relative infrequency of fires in major 
electrical stations. He describes it as a 100-year 
emergency; and I think an insurance company would be 
willing to cover such a risk for an almost negligible 
premium. We should not, therefore, get our ideas out 
of proportion, but must remember that we are dealing 
with a very small risk in terms of ordinary operation. 

7] 
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The author’s next important point is that the switch- 
gear, being the nerve centre of the station, is the vital 
plant from the fire-protection point of view. Not.only is 
the supply to the local system involved, but, in the case 
of power-station switchgear at any rate, the supply to 
or from the grid is also jeopardized by a fire in the main 
switch-room. One may take certain risks with individual 
generators/in the full knowledge that the grid supply is 
there to give at least a skeleton service until repairs can 
be effected; but where there is only a single switch-room 
we know from experience in this and other countries how 
disastrous the consequences of a switch-room fire can be. 
The switch-rooms of the future will no doubt be separated 
not only from each other but from the power station 
itself, and one can conceive of the future power station 
comprising a main building for the plant and a series of 
lodges near the entrance gate for the switchgear. I am 
not sure whether the author intends to recommend C0 2 
as a means of extinguishing fires, but it is a fact that if 
the explosion is sufficiently violent to blow out windows 
or doors, as is contemplated in another section of the 
paper, then the efficiency of the CO a equipment is some¬ 
what impaired. The author recommends, I think rightly, 
the maintenance of the switch-room temperature at a 
fairly high even value from the point of view of elimina¬ 
tion of moisture; but how can this recommendation be 
applied economically in semi-outdoor installations in 
which the circuit breaker is exposed to the weather and 
the control room is under cover ? 

Has the author yet come to a decision as to whether 
or not to protect busbars? If one takes reasonable 
precautions in the scheme of protection, in the apparatus 
itself, and in the manner of installation, the risk of 
inadvertent operation should be slight, and in my experi¬ 
ence the cost of simple apparatus is a very small per¬ 
centage of the first cost of the switchboard. A point 
not mentioned in the paper is that communication circuits 
should not pass through the switch-room. One of the 
most essential points during or after a breakdown is to 
be able to establish communication by telephone, and in 
a great number of instances of which I have knowledge 
the telephone lines pass through the switch-room to the 
exchange. 

The question of lubricating oil has been touched upon, 
and the difficulties in this connection are very real. On 
new designs why should not the oil tank and pump be 
located at the alternator end of the set, beyond the 
exciter? The lubricating system would operate just as 
effectively if this were done, and the installation would 
be much safer than those in which the tank, containing 
up to 2 000 gallons of oil, is placed adjacent to steam 
pipes at the governor end. The views of turbine manu¬ 
facturers on tins suggestion would be of value. 

Mr. J. E. Bell: I am thoroughly in accord with the 
recommendations of the author regarding separation of 
the different sections of a power station. In my work 
on behalf of an insurance company I have been struck by 
the remarkable improvement in power-station risks during 
the last 25-30 years. When I remember what the older 
stations were like, I wonder that there were not more fires. 
I remember one instance where the switchboard was a 
■large wooden board fed from the accumulators. When a 
fire 1 took place, nothing could be done to cut off the 


curent: the firemen turned the hose on to the fire, but it had 
to burn itself out. Another fire in more recent days em¬ 
phasized the importance of sectional arrangement and 
isolation of the building containing the oil tanks. In this 
case the entire station consisted of a large shed, and three 
of the oil tanks burst and set fire to other tanks, in conse¬ 
quence of which there was a serious fire. The heat was 
so intense that a ferro-concrete roof was very badly 
damaged, and had to be replaced. 

I should like to know the author’s views on the question 
of fires in power stations caused through lightning. 

Regarding the rate for insurances, this is very moderate, 
possibly owing to competition. The rate is not very dif¬ 
ferent from that for the fire insurance of dwelling-houses. 

Mr. D. M. Macleod: The author gives the risk of fire 
or explosion in major electrical stations as a 100-year 
emergency, but I am afraid he must amend that figure 
to-day, in view of the possibilities of hostile aircraft 
attacking this country. Electricity has now become such 
an important communal service that it would in all 
probability be their aim to put our power stations out of 
service altogether. Many power stations are alongside 
rivers, and, as nothing is easier to spot from the air than 
a river, I think we shall need to revise our ideas entirely 
as to the protection to be afforded these stations so as 
to prevent their being put out of service for indefinite 
periods. One of the things we have to do is to eliminate, 
so far as we can, those risks which tend to interrupt the 
service for prolonged periods. 

The author refers to air-blast circuit-breakers as pro¬ 
viding added safety, and this point is well worth the 
consideration of all power engineers. The use of this 
type of circuit-breaker has become standard practice on 
the Continent. We cannot very well eliminate oil from 
our transformers, but we ought to consider the question 
of placing our transformer equipment out of doors. 

In connection with one of his slides the author called 
attention to the carbon-dioxide fire-extinguishing equip¬ 
ment; this seems to me to offer the best means for 
fighting fire. It is an established fact that air containing 
15-20 % of carbonic-acid gas will not support combus¬ 
tion, and it is a simple matter to ensure that a confined 
space is flooded with carbonic-acid gas. Cases can even 
be cited where carbonic-acid gas has been applied with 
success to outdoor transformer equipment. In such 
cases one must use a higher relative proportion of C0 2 . 

On page 295 the author does less than justice to the 
engineers who design our power stations, when he 
visualizes a burst oil pipe under pressure, with leaking 
oil coming into contact with heated pipes, presumably 
steam pipes. I cannot imagine any responsible engineer 
neglecting the elementary duty of seeing that his pipe¬ 
lines have been suitably pressure-tested and that all his 
steam pipes have been properly lagged. 

Mr. J. Gogan: There is an aspect of the paper and 
the discussions that have taken place elsewhere which has 
not been mentioned by previous speakers, and that is the 
kVA rupturing capacity of the switches. The majority 
of fires are the result of explosions following the failure 
of oil switches to deal with short-circuits, and it is 
probable that the failure of these oil switches is due to 
the growth of the system or systems without a corre¬ 
sponding increase in the rupturing capacity of the 
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switches. It is the modem practice to test to destruction 
oil switches of a given design or type, and these tests 
are not going to be of great value if the supply under¬ 
takings have to have, in addition, expensive layouts to 
deal with fire risks. I should be glad to have the author’s 
observations on this point. 

Mr. J. Hagen: Before coming to Edinburgh I had 
experience of a disastrous explosion in which, although 
a window was blown out into the street, fortunately no 
fire occurred. But for that window taking the force of 
the explosion, I fear that something worse might have 
happened. 

Has the author had any experience with regard to the 
fire-foam equipment which can be carried on a man’s 
back and which can give a jet of about 50 ft. ? Would 
this be a successful piece of mechanism to carry in the 
power station ? 

The segregation of oil tanks is a very useful fire pre¬ 
caution. I understand that at a certain power station in 
Scotland all the turbines take their oil from one system, 
and I think there is a lot to be said for that arrangement. 
The disadvantage is, however, that acidity may occur in 
one set and contaminate the whole system. 

The author says that water-spraying for transformer 
fires is useful, but I am rather concerned in regard to 
this where transformers are closely adjacent to each other 
and it is almost impossible to segregate them. In the 
event of a fire, would an automatic water spray meet such 
a case, if one could prevent the spray directed at one 
transformer from affecting the adjacent one ? 

A practice which I regard as dangerous is that of giving 
out boiling-plate cooking apparatus indiscriminately to 
power-station staffs, and allowing men to cook just where 
they find it most suitable. The use of the open type of 
cooking-plate in any part of the station should be de¬ 
barred, and all heating done by means of tubular heaters. 

Prof. M. G. Say: Will the author be good enough to 
give us some details regarding Doble testing ? 

Mr. F. C. Winfield {in reply)-. A number of points 
raised in this discussion are similar to those raised at 
other Local Centres or have at any rate been dealt with 
in my replies at those Centres; I shall therefore confine 
my further comments as far as possible to new points. 

Mr. Seddon appears to have made excellent arrange¬ 
ments for cable protection, which require no comments 
except the warning that it is desirable to watch cable¬ 
heating conditions when applying heat insulation to 
cables. Where only short lengths of a foot or so are 
heat-insulated the end effect is sufficient to prevent over¬ 
heating of the cables, but if long lengths are heat-insulated 
it maybe necessary to provide additional copper section. 

Mr. Seddon’s suggested scheme of elimination of 
power-station switchgear is an attractive one which, in 
fact, has been considered several times in respect of the 
reduction of concentration of fault kVA. Actually there 
are a number of practical difficulties which make. it 
difficult to apply, particularly in respect of busbar facili¬ 
ties, control, economy of operation, and disposition of 
spare plant. The present expression of this outlook is 
really found in the urge for small dispersed power- 
stations which has arisen from air-raid considerations, 
the latter are in many ways akin to fire-risk con¬ 
siderations. 
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I agree with Mr. Seddon that it is impossible at present 
to eliminate entirely the fire risk from turbine lubricating- 
oil, and the ultimate precautions can only be fire division 
and fire-fighting equipment. 

In reply to Mr. Bridge, it is pointed out in the paper 
that the duplication and segregation of electrical dupli¬ 
cates in groups is generally accepted practice, and it is 
suggested that to extend such segregation to the physical 
sphere is merely logical. It is also pointed out that 
complete dependence on the reliability of “ single gear ” 
as he and Mr. Logan appear to suggest, is a counsel of 
perfection. Mr. Bridge’s and Mr. Eccles’s suggestion 
that turbine oil-tanks should be remote from the turbine 
is a sound step in the right direction but does not, of 
course, cover the usual failure of pipe connections. 

As to ventilation, I would point out that I do not 
suggest a multiplicity of segregated units but as few as 
possible. Ventilation or heating will be found to be a 
small item of cost with reasonable segregation. After 
all, to install the same amount, of gear in two half-size 
buildings instead of one large building does not imply a 
great addition to heating or ventilation requirements. 

I am glad to note Mr. Eccles’s general agreement with 
some important principles in the paper. The series of 
dispersed buildings he visualizes in the future is being 
approached to a considerable extent at present as a 
result of air-raid requirements. 

The explosion risk where CO, is installed is a live 
point on which we lack actual experience. However, 
briefly this possibility is taken care of by allowing a large 
excess of C0 2 and a spare charge plus careful arrange¬ 
ment, in which the C0 2 is largely applied to produce a 
blanket direct on to the gear just as if the job were an 
outdoor one. It will be remembered in this connection 
that the C0 2 is discharged under considerable pressure. 
For semi-outdoor gear ventilation must be relied on as 
for outdoor gear in order to reduce condensation, but, 
generally, increased maintenance and a more careful 
supervision are necessary. 

Respecting the protection of busbars,, my feeling is as 
before to proceed with carefully chosen applications and 
to await experience. I refer to the low cost of simple 
apparatus. This is surely the core of the matter, since 
the apparatus in practice proves anything but simple.^ 

I am glad to note Mr. Bell’s comments from the in¬ 
surance-company standpoint on the great reduction in 
fire risk which has taken place and the low premiums re¬ 
quired. I myself cannot recall any example of a power- 

station fire caused by lightning. 

I agree with Mr. Macleod that air attack introduces 
an important modification in outlook. Broadlyall the 
suggested fire precautions apply, but the emphasis must 
lie here on physical separation of groups, since explosion 
is the real enemy, particularly with enclosed gear where 
the thermite bomb precaution is an external measure. 

I would remind Mr. Bell, in his remarks about suitable 
lagging of hot places on turbines, of the incidents at 
Brussels, Portishead, and elsewhere. 

I have seen many successful experimental demon¬ 
strations with the type of portable equipment described 
by Mr. Hagen, and I consider that some such apparatus 
should always form part of the equipment of a power 
station. 
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Mr. F. H. Whysall : The earliest recollections that I 
have of fire dangers in power stations are centred on very 
large culverts containing the main l.t. feeders to a town 
or city. The cables were clamped on the sides and roof 
of a concrete culvert, which formed an excellent flue in 
the event of a fire. As far as my personal experience 
is concerned the fires which occurred were put out in 
their very early stages by means of appliances which 
are only suitable for tiny fires. 

When I was in Manchester, owing to contacts which I 
had made with a German firm I conceived the notion 
more than 30 years ago of using CO a protective measures. 
I took a long strip of hoop iron, bent it in steps, 
placed it within a large wooden box with a plate-glass 
front, and on each step placed an inch of lighted candle. 
I then released the gas inside the box to demonstrate to 
the city electrical engineer how the candles were quickly 
extinguished as the gas rose. He was very much afraid 
of this deadly gas and refused to consider the proposal 
which I put before him. He solved the problem by 
building walls at intervals along the culvert and packing 
all the cables with asbestos so that there could not be 
any flue effect if a fire occurred, and all such fires could 
be isolated. 

The author insists on the value of rubble as a fire 
precaution, and I should like to say that in all our new 
works on the Belfast system we have made arrangements 
for any leakage of oil to drain away through rubble or 
gravel. Certain of our substations give us cause for 
concern from the fire-rislc point of view, and we are quite 
willing to spend money on bringing them up to date, but 
sometimes we meet with opposition from our consumers. 
We keep before us above all the importance of continuity 
of supply. 

Mr. F. W. Parkinson : The author favours the use of 
steel beams in building construction. While steel is 
clearly necessary for central-station construction, for 
substations reinforced concrete is surely preferable. A 
reinforced-concrete building is as nearly fireproof as 
possible, whereas steel beams are a source of weakness. 

Mr. F. Johnston: I should like to know why the 
author is so severe in his criticism of aluminium, seeing 
that both aluminium and iron would be likely to melt in 
an oil flame. 

He refers to a f-in. layer of sprayed asbestos. How is 
this material sprayed on ? 

I should also like to know something more about the 
Doble system of testing. Most fires are caused by break¬ 
down of insulation, and the difficulty has been in making 
insulation tests not from one or other side of the installa¬ 
tion to earth but from pole to pole. Does the Doble 
system take this into account, and does it enable one to 
measure the insulation resistance between poles without 
shutting down the system ? 

Mr. E. N. Cunliffe: It would appear that for the 
purposes of the paper a major electrical station is one 
which controls both legs of a duplicate feed to any town 
or district to which there is no other adequate means of 
supply. In the event, therefore, of the destruction of 
the station by fire, explosion, or bombing, there would be 
a total shutdown of supplies to the district for a period 
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too long to be contemplated. I should be interested 
to know whether this description approximates to the 
author’s own definition of a major electrical station. 

There can be no doubt that for stations of this type 
the maximum precautions against fire should be adopted. 
In many cases it would be an advantage if duplicate 
transformer substations were split completely into halves, 
interconnected by cabling, and situated a few hundred 
feet apart, thereby feeding the lower-voltage network at 
two distinct and separate points. Such an arrangement 
should be completely immune from all possible risks, and 
I do not think the cost would be very much greater than 
that of the ordinary arrangement. The two small sites 
required might even be easier to find than a single site 
of the usual large dimensions. 

Here in Belfast the majority of the recommendations 
put forward by the author are rapidly being put into 
effect. In all new substations from the largest step-down 
type to the smallest distribution type it has for some time 
past been standard practice to accommodate the switch- 
gear and transformers in separate fireproof compartments, 
in each of which oil-drainage sumps of adequate capacity 
are formed. Special attention has been paid to sub¬ 
stations on consumers’ premises where the spread of an 
oil fire from the substation to the main buildings might 
involve disastrous losses, and every practicable precau¬ 
tion has been adopted in an attempt to make these sub¬ 
stations safe. In the older type of rotary-convertor 
substation, however, the problem, is more difficult as the 
plant does not always lend itself to ready subdivision. 
In such cases the transformers are being surrounded by 
dwarf brick walls, and oil-drainage pebble beds are being 
formed in cable trenches and other necessary places. 

I agree with the author that fires in cable chambers are 
very rare. It is, however, possible for such fires to occur, 
and in this connection I would draw attention to a com¬ 
bination of circumstances which once nearly led to a 
disastrous fire. A 3-phase short-circuit occurred at the 
end of a long length of h.t. cable which was supported 
on cleats along the cable chambers and the walls of the 
station. The section of the cable was small, and the 
available fault power heavy; the switch failed to open, 
with the result that the cable was completely destroyed 
and set on fire at numerous points along the route, even 
though the circuit was finally cleared elsewhere after 
2-3 sec. This shows that in stations of large capacity 
the cross-section of all h.t. cables should be made com¬ 
paratively large, even if the cable is only intended for 
light duty. I should be interested to know whether the 
author is in favour of providing any form of automatic 
fire-extinguishing equipment for cable chambers or for 
cables racked in groups along station walls. 

Apparently the majority of switchgear fires are accom¬ 
panied by explosions of a violent nature which sometimes 
damage or destroy the building. This leads , to the 
question of how far it is safe to subdivide the smaller 
switch-rooms into still smaller compartments, since by 
this means the " air-cushioning ” effect is being decreased 
with consequent risk of building collapse. I should like 
to have the benefit of the author’s experience in this 
respect. 
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Mr. J. A. C. King : I should like to ask the author to 
explain more fully his particular method of extinguishing 
an oil fire. I understand that he favours draining the oil 
into pits; is there not a danger of the water falling into the 
rubble-filled pit and floating out the oil, thus adding fuel 
to the fire from below as well as from above ? 

I read of a case recently where a large supply of oil, 
presumably from an oil tank, broke loose during a fire and 
found its most reasonable outlet in following the course 
of a river through a large town. The oil caught fire and 
turned the river into a sea of flame. A reinforced- 
concrete bridge was literally pulverized by the heat. Is 
there not a similar risk of serious damage where concrete 
is present in a substation ? 

Mr. F. C. Winfield (in reply ): I note Mr. Whysall’s 
experience with fire in a cable culvert. My own view 
is that with modern lead-covered cables, provided all 
waterproofing is stripped back and all other fire-sup¬ 
porting matter excluded, the likelihood of serious fire 
arising inside a culvert is very small indeed. 

I would remind Mr. Parkinson that the paper advo¬ 
cates protected steel or reinforced concrete. 

In reply to Mr. Johnston, in every serious oil fire I know 
of where there has been exposed aluminium this has 
disappeared in the fire, usually allowing more compound 
or oil to join the conflagration. I cannot recall an 
instance in which in modern metalclad gear a fire has 
produced serious permanent damage to panels. other 
than the faulty one except in this single particular. 
Hence I recommend the elimination of exposed alu¬ 
minium as an enclosure for oil or compound. Sprayed 
asbestos is applied with a spraying gun similar to a 
cement gun. The Doble test can be applied from pole 
to pole where necessary, but the bulk of requirements 
are covered by testing insulation to earth. 

Mr. Cunlifie’s arrangement really amounts to carrying 


out the physical division suggested in the paper to its 
fullest extent by building two supporting substations 
instead of a single divided substation. This arrangement 
is, of course, very sound and the points remaining to be 
treated locally in such an arrangement will be the 
actual source point of supply and the lower-voltage 
network. 

I am glad to note his general agreement with the 
points made in the paper, as exemplified by his practice. 

I do not quite follow his reference to making use of 
cables of large section, since if a switch fails to trip, the 
burn-out of a cable may be expected whatevei its 
section, within reason. Given at least one physical 
division in the cable arrangements and the exclusion of 
all external combustible matter, it is not my opinion 
that permanent fire-extinguishing equipment is necessary 
for cable chambers. It is only rarely that switch 
failures are accompanied by explosion of a type liable 
to damage building structure, but I agree with Mr. 
Cunlifie that very small buildings might well be enlarged 
somewhat to increase the cushioning effect. At the same 
time I do not think that the type of secondary explosion 
which usually produces building damage has a very 
steep wave-front. Hence I favour relief arrangements 

in the form of window space. 

In reply to Mr. King, whenever necessary free- 
drainage facilities must be provided in exposed sumps. 
If the site high-water level is high the sumps can be 
erected above ground-level so as to facilitate diainage. 

Regarding damage to concrete structures by fire, it 
must be realized that all constructions have a limited 
fire life, 15 minutes, 30 minutes, 1 hour, 2 hours, or 4 
hours. Hence fire-fighting arrangements are an essential 
feature of any full scheme. Practice would indicate that 
4 -hour to 1-hour fire resistance meets the usual case 
reasonably. 
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Mr. F. H. Whysall : The earliest recollections that I 
have of fire dangers in power stations are centred on very 
large culverts containing the main l.t. feeders to a town 
or city. The cables were clamped on the sides and roof 
of a concrete culvert, which formed an excellent flue in 
the event of a fire. As far as my personal experience 
is concerned the fires which occurred were put out in 
their very early stages by means of appliances which 
are only suitable for tiny fires. 

When I was in Manchester, owing to contacts which I 
had made with a German firm I conceived the notion 
more than 30 years ago of using CO a protective measures. 
I took a long strip of hoop iron, bent it in steps, 
placed it within a large wooden box with a plate-glass 
front, and on each step placed an inch of lighted candle. 
I then released the gas inside the box to demonstrate to 
the city electrical engineer how the candles were quickly 
extinguished as the gas rose. He was very much afraid 
of this deadly gas and refused to consider the proposal 
which I put before him. He solved the problem by 
building walls at intervals along the culvert and packing 
all the cables with asbestos so that there could not be 
any flue effect if a fire occurred, and all such fires could 
be isolated. 

The author insists on the value of rubble as a fire 
precaution, and I should like to say that in all our new 
works on the Belfast system we have made arrangements 
for any leakage of oil to drain away through rubble or 
gravel. Certain of our substations give us cause for 
concern from the fire-risk point of view, and we are quite 
willing to spend money on bringing them up to date, but 
sometimes we meet with opposition from our consumers. 
We keep before us above all the importance of continuity 
of supply. 

Mr. F. W. Parldnson: The author favours the use of 
steel beams in building construction. While steel is 
clearly necessary for central-station construction, for 
substations reinforced concrete is surely preferable. A 
reinforced-concrete building is as nearly fireproof as 
possible, whereas steel beams are a source of weakness. 

Mr. F. Johnston: I should like to know why the 
author is so severe in his criticism of aluminium, seeing 
that both aluminium and iron would be likely to melt in 
an oil flame. 

He refers to a f~in. layer of sprayed asbestos. How is 
this material sprayed on ? 

I should also like to know something more about the 
Doble system of testing. Most fires are caused by break¬ 
down of insulation, and the difficulty has been in making 
insulation tests not from one or other side of the installa¬ 
tion to earth but from pole to pole. Does the Doble 
system take this into account, and does it enable one to 
measure the insulation resistance between poles without 
shutting down the system ? 

Mr. E. N. Ounliffe: It would appear that for the 
purposes of the paper a major electrical station is one 
which controls both legs of a duplicate feed to any town 
or district to which there is no other adequate means of 
supply. In the event, therefore, of the destruction of 
the station by fire, explosion, or bombing, there would be 
a total shutdown of supplies to the district for a period 


too long to be contemplated. I should be interested 
to know whether this description approximates to the 
author’s own definition of a major electrical station. 

There can be no doubt that for stations of this type 
the maximum precautions against fire should be adopted. 
In many cases it would be an advantage if duplicate 
transformer substations were split completely into halves, 
interconnected by cabling, and situated a few hundred 
feet apart, thereby feeding the lower-voltage network at 
two distinct and separate points. Such an arrangement 
should be completely immune from all possible risks, and 
I do not think the cost would be very much greater than 
that of the ordinary arrangement. The two small sites 
required might even be easier to find than a single site 
of the usual large dimensions. 

Here in Belfast the majority of the recommendations 
put forward by the author are rapidly being put into 
effect. In all new substations from the largest step-down 
type to the smallest distribution type it has for some time 
past been standard practice to accommodate the switch- 
gear and transformers in separate fireproof compartments, 
in each of which oil-drainage sumps of adequate capacity 
are formed. Special attention has been paid to sub¬ 
stations on consumers' premises where the spread of an 
oil fire from the substation to the main buildings might 
involve disastrous losses, and every practicable precau¬ 
tion has been adopted in an attempt to make these sub¬ 
stations safe. In the older type of rotary-convertor 
substation, however, the problem is more difficult as the 
plant does not always lend itself to ready subdivision. 
In such cases the transformers are being surrounded by 
dwarf brick walls, and oil-drainage pebble beds are being 
formed in cable trenches and other necessary places. 

I agree with the author that fires in cable chambers are 
very rare. It is, however, possible for such fires to occur, 
and in this connection I would draw attention to a com¬ 
bination of circumstances which once nearly led to a 
disastrous fire. A 3-phase short-circuit occurred at the 
end of a long length of h.t. cable which was supported 
on cleats along the cable chambers and the walls of the 
station. The section of the cable was small, and the 
available fault power heavy; the switch failed to open, 
with the result that the cable was completely destroyed 
and set on fire at numerous points along the route, even 
though the circuit was finally cleared elsewhere after 
2-3 sec. This shows that in stations of large capacity 
the cross-section of all h.t. cables should be made com¬ 
paratively large, even if the cable is only intended for 
light duty. I should be interested to know whether the 
author is in favour of providing any form of automatic 
fire-extinguishing equipment for cable chambers or for 
cables racked in groups along station walls. 

Apparently the majority of switchgear fires are accom¬ 
panied by explosions of a violent nature which sometimes 
damage or destroy the building. This leads . to the 
question of how far it is safe to subdivide the smaller 
switch-rooms into still smaller compartments, since by 
this means the “ air-cushioning ” effect is being decreased 
with consequent risk of building collapse. I should like 
to have the benefit of the author's experience in this 
respect. 
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Mr. J. A. C. King : I should like to ask the author to 
explain more fully his particular method of extinguishing 
an oil fire. I understand that he favours draining the oil 
into pits; is there not a danger of the water falling into the 
rubble-filled pit and floating out the oil, thus adding fuel 
to the fire from below as well as from above ? 

I read of a case recently where a large supply of oil, 
presumably from an oil tank, broke loose during a fire and 
found its most reasonable outlet in following the course 
of a river through a large town. The oil caught fire and 
turned the river into a sea of flame. A reinforced- 
concrete bridge was literally pulverized by the heat. Is 
there not a similar risk of serious damage where concrete 
is present in a substation ? 

Mr. F. C. Winfield (in reply ): I note Mr. Whysall’s 
experience with fire in a cable culvert. My own view 
is that with modern lead-covered cables, provided all 
waterproofing is stripped back and all other fire-sup¬ 
porting matter excluded, the likelihood of serious fire 
arising inside a culvert is very small indeed. 

I would remind Mr. Parkinson that the paper advo¬ 
cates protected steel or reinforced concrete. 

In reply to Mr. Johnston, in every serious oil fire I know 
of where there has been exposed aluminium this has 
disappeared in the fire, usually allowing more compound 
or oil to join the conflagration. I cannot recall an 
instance in which in modern metalclad gear a fire has 
produced serious permanent damage to panels other 
than the faulty one except in this single particular. 
Hence I recommend the elimination of exposed alu¬ 
minium as an enclosure for oil or compound. . Sprayed 
asbestos is applied with a spraying gun similar to a 
cement gun. The Doble test can be applied from pole 
to pole where necessary, but the bulk of requirements 
are covered by testing insulation to earth. 

Mr. Cunliffe’s arrangement really amounts to carrying 


out the physical division suggested in the paper to its 
fullest extent by building two supporting substations 
instead of a single divided substation. This arrangement 
is, of course, very sound and the points remaining to be 
treated locally in such an arrangement will be the 
actual source point of supply and the lower-voltage 
network. 

I am glad to note his general agreement with the 
points made in the paper, as exemplified by his practice. 

I do not quite follow his reference to making use of 
cables of large section, since if a switch fails to trip, the 
burn-out of a cable may be expected whatever its 
section, within reason. Given at least one physical 
division in the cable arrangements and the exclusion of 
all external combustible matter, it is not my opinion 
that permanent fire-extinguishing equipment is necessary 
for cable chambers. It is only rarely that switch 
failures are accompanied by explosion of a type liable 
to damage building structure, but I agree with Mr. 
Cunliffe that very small buildings might well be enlarged 
somewhat to increase the cushioning effect. At the same 
time I do not think that the type of secondary explosion 
which usually produces building damage has a very 
steep wave-front. Hence I favour relief arrangements 

in the form of window space. 

In reply to Mr. King, whenever necessary free- 
drainage facilities must be provided in exposed sumps. 
If the site high-water level is high the sumps can be 
erected above ground-level so as to facilitate diainage.. 

Regarding damage to concrete structures by fire, it 
must be realized that all constructions have a limited 
fire life, 15 minutes, 30 minutes, 1 hour, 2 hours, or 4 
hours. Hence fire-fighting arrangements are an essential 
feature of any full scheme. Practice would indicate that 
1 -hour to 1-hour fire resistance meets the usual case 
reasonably. 
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Mr. W. T. J. Atkins: Regarding the “substation 
type ” earth-leakage circuit-breaker illustrated in Fig. 5, 
I gather that this device has a field of application both 
with the system of individual earth-leakage breakers and 
also in connection with the system of multiple earthing 
of the neutral, although these two schemes are clearly 
distinguished and described as alternatives. I am rather 
concerned with the question of the discrimination of that 
leakage device as compared with the operation of the 
individual leakage-to-earth trips at consumers’ pre mi ses 
It is stated in the paper that discrimination exists, and 
no doubt this means current discrimination; but it seems 
to me that time discrimination is more important. 
Further, the substation earth-leakage trip is likely to 
invite trouble by functioning unnecessarily through 
lightning and other transient disturbances unless means 
are adopted to delay its action—by a mechanical time-lag 
or otherwise. 

It is interesting to notice that about 0 - 5 VA is required 
to operate the trip coil of one of the domestic-type 
breakers. This represents a very good performance. I 
should like to know whether the coil is operated directly 
by alternating current or whether any form of metal 
rectifier is used in connection with it to improve the 
lesponse. It should be possible to obtain more sensitive 
operation by such means. 

In view of the large number of pitfalls which it points 
out, the paper rather gives support to the movement 
towards the use of appliances with insulating frameworks. 

Mr. Douglas C. Field: The problem of obtaining low 
earth resistances in rural districts is well known, but the 
dangers inherent in this state of affairs have probably not 
been brought prominently to our notice owing to the fact 
that the large majority of rural wiring installations are 
fairly modern. The position will be different in, say, 10 
or 20 years tune, when the installations and equipment 
have deteriorated. 

I cannot help detecting in the paper one or two 
instances of bias in favour of multiple earthing; for 
instance, when considering earth-leakage circuit-breakers 
the author quotes 30 volts as a permissible maximum, 
whereas when discussing multiple earthing he mentions 
152 volts as being safe. 

When considering the specification of earth-leakage 
breakers he uses the terms “ impedance ” and “ resis¬ 
tance” somewhat indiscriminately; when the electrode 
resistance is high the resistance only of the trip coil is of 
account, but when the series resistance is low the 
leactance must also be taken into consideration. When 

* Paper by Mr. H. G. Taylor (see vol. 81, p. 761). 
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drawing up a specification there is no need to consider the 
tripping current and the coil impedance; it is only neces¬ 
sary to state that the leakage breaker shall operate with 
the application of, say, SO volts across the trip coil and a 
resistance of 1 000 ohms in series with it. 

On page 766 the author notes a number of disad¬ 
vantages of earth-leakage circuit-breakers, and I shall 
deal with these in turn:— 

(i) Lighting circuits should be on the “ all-insulated ” 
system, and so also should heating points in all rooms 
where no earthed metal already exists. This would 
ensure that the minimum of apparatus would be discon¬ 
nected in the event of a leakage breaker operating. 

(ii) The test key is provided to test the operation of the 
breaker only, but, as the author mentions, the very fact of 
there being a leakage trip enables the continuity of the 
earth wire to be tested quite simply. 

(iii) If it is true that the breaker does not prevent its 
own metal case becoming alive, the solution is to have all- 
insulated covers, and I believe several makers offer these. 

(iv) 1 he low insulation resistance of heating-plates may 
be a drawback, but it would be interesting to know to 
what extent trouble has been experienced in this connec¬ 
tion. In any event, it would seem to be a deficiency 
which cooker designers should overcome. 

(v) When the amount of current which would pass 
through the human body is under consideration, why is 
the resistance of the body compared with the resistance 
of the trip coil and earth electrode ? Does not the 
human body have a resistance to earth similar to that 
of the electrode ? If the breaker will trip at 30 volts, 
dangerous conditions should not arise. 

The author refers to the possible damage to apparatus 
on 3-wire or 4-wire systems should the neutral conductor 
break. I would point out that in such circumstances it is 
only apparatus which will be damaged, whereas in the 
case of multiple earthing a broken neutral conductor 
introduces a risk to human life. 

In his “ Conclusions on the Practical Tests ” (page 777) 
the author refers to an increase in the voltage-drop in the 
phase wire when multiple earthing is used. I should be 
glad if he could explain the reason for this. 

I am in agreement with the “ Recommendations ” 
(page 778), and especially welcome the last one. Forms 
of protection are our second line of defence; the first is 
insulation of the apparatus and installation. Although it 
is right that we should consider improving the system of 
protection, this should not lead us to neglect seeking 
improvement in insulation and the elimination of all 
appliances of inferior design and construction. On the 
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whole I feel that in view of the proposed restrictions on 
the use of multiple earthing the evidence is in favour of 
the use of earth-leakage circuit-breakers. 

Mr. T. D. Martin (Associate Member): The 
resistance of earth electrodes at consumers’ premises 
shown in Fig. 1 seems alarming, and it would be interest¬ 
ing to know whether many undertakings test the earthing 
of rural schemes, especially when using “ordinary” 
earthing. A double-pole switch is shown in Fig. 7, but a 
single-pole switch would appear desirable, especially as a 
link is shown in the neutral; and it should not be neces¬ 
sary to run the earth-continuity connector to the incom¬ 
ing side of the main switch. The method suggested by 
the author (for ordinary earthing) of using the inter¬ 
connected earth wire for a group of houses, and using the 
best earth connection available, is useful but may intro¬ 
duce complications where a number of contractors are 
involved in the work of wiring the property. 

In one scheme in which protective multiple earthing 
has been applied the electricity undertaking took over the 
responsibility of providing the earth electrodes, and in 
this way ensured the efficiency of the earthing. The 
scheme is supplied by a 6-6-kV overhead line, with pole 
transformers at various load centres. In the majority of 
cases no town water main was available for earthing, the 
ground was fairly rocky, and high-resistance earths were 
anticipated, although it was expected that the earth 
resistance would be reduced on account of the plentiful 
rainfall in the district. The relative advantages of 
“ ordinary ” earthing and protective multiple earthing 
were considered, and it was decided to apply for permis¬ 
sion to adopt the latter. All contractors in the area 
were notified of this decision. Single-pole switches were 
used throughout, and installation inspectors carefully 
checked the polarity. Polarized plugs were used for 
power circuits. 

An additional advantage of a multiple earthing system 
is that it can easily be converted to “ ordinary earthing 
where this is found preferable, or if the change is re¬ 
quested by the Electricity Commissioners. I should like 
to ask the author whether he knows of any reason why a 
mixed system should not be used. 

On domestic power circuits, the smallest wire allowed 
is 7/* 029" and we have had no difficulty in blowing- 
fuses of the requisite size for various installations. In 
fact, in one case where a jointer made a mistake in the 
polarity when connecting up a service, a 50-ampere fuse 
was blown on the l.t. side of the pole transformer. 

At transformer positions the earth electrodes are in the 
form of cast-iron earth plates 18 in. square and \ in. thick, 
and at consumers’ premises they are either fluted hard- 
drawn copper rods or 1-in. wrought-iron tubes 6 ft. long 
with a screwed cap on top and fitted with a clamping 
screw to t ak e the earth wire. Service cables are of either 
0 • 04 sq. in. or 0-0225 sq. in. In some cases, transformers 
are placed on the ground and connected on both h.t. 
and l.t. sides by underground cables to the terminal poles. 
Transformers are of the outdoor type with cable-end boxes 
fitted, and it seems impossible to separate the earthing of 
the h.t. and l.t. sides owing to the transformer tank acting 
as a conductor between the leads of the h.t. and l.t. cables. 
I should like to ask the author whether he has come across 
this condition, and how it could be remedied. The 


resistance from the neutral conductor to the local town 
water main was checked at one place, and found to be 
about 0-5 ohm. Tests were made after a period of 
exceptional drought. 

In selecting single-pole switch-fuses, care had to be 
taken that these were not of the 2-pole type converted by 
simply withdrawing one fuse bridge and placing a link 
across it, as it is possible to alter this type back and place 
the fuse in the neutral. Specially-constructed single-pole 
switch-fuses should be insisted upon. 

When the merits of earth-leakage circuit-breakers 
and protective multiple earthing -were being compared, 
some sample earth-leakage breakers were obtained and 
examined. In one sample it was possible for the push¬ 
button to stick in the intermediate position, disconnecting 
the installation from earth. We had also to bear in mind 
the doubtful condition of an earth-leakage breaker which 
has not been recently tested. The only disadvantage of 
protective multiple earthing is the danger arising from a 
broken neutral conductor, and dangers similar to this 
have existed since the early days of 3-wire d.c. distribu¬ 
tion. It was therefore decided to proceed on the lines 
of protective multiple earthing. 

In considering Table 3, the author points out that the 
neutral voltage-drop expressed as a percentage of the 
total line voltage-drop is less with multiple earthing than 
-with single-point earthing, but he also states that the 
voltage-drop on the phase wire must increase with 
multiple earthing. I should be pleased if he could 
enlighten me on this apparent evasion of Ohm’s law. 

Mr. D. P. Sayers : My experience of rural installations 
is based on the system in Ireland with which I was con¬ 
cerned for some years. We decided to put in good earth¬ 
ing installations, and installed transformer earth-plates 
3 ft. square, made of cast iron \ in. thick, and buried 
6 ft. deep. When we started testing these plates -we 
found that earth resistances under 5 ohms were extremely 
rare and in some cases the value was 200 ohms or more; 
we had to be content with an average of 15 to 20 ohms. 
After a good deal of experimenting we found that the only 
way of getting a low earth resistance was by burying 
considerable lengths of old copper wire. In some cases 
hundreds of yards of wire were required to get down to a 
value of 1 or 2 ohms, particularly in sandy or rocky soil. 
The question of earthing of consumers’ installations then 
came very much to the fore, as practically all the cookers 
had been supplied on the assisted waring scheme and the 
undertaker was responsible for the complete installation. 
We found it extremely difficult to secure satisfactory 
earths. The small copper-tube electrodes of the kind 
commonly used for wireless sets gave very poor results, 
the resistance often amounting to hundreds of ohms. • 

In a certain village scheme which had just been com¬ 
pleted, as soon as the transformer was switched on some¬ 
one came rushing up and said a man working his pump 
handle had received a bad shock. The case seemed a 
mysterious one at first as the fuse of the service in ques¬ 
tion had not been put in and there was, apparently, no 
connection. Investigations revealed a double fault: 
firstly, a linesman had crossed the lead-in wires thus 
making the installation “ alive ” through the neutral link; 
and, secondly, there was a fault on one of the cooker 
elements. The cooker had been earthed to a pump, 
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which was found to have a high resistance, so that a 
person standing on the damp stone floor felt a shock 
when touching the pump handle. This combination of 
faults illustrates the risks that may be present in such 
installations. 

Referring to Fig. 3, I would ask whether, if the side 
of the trip coil shown connected to earth could be con¬ 
nected instead to the neutral, the sensitivity of the 
arrangement would not be increased. Would not this 
change also eliminate the variation in sensitivity which is 
shown in Table 1 to obtain under certain conditions ? 

Finally, I would ask the author whether there has been 
any evidence of interference with radio reception on 
systems having protective multiple earthing. 

Mr. K. C. Coop : I agree with Mr. Field in considering 
the author to be somewhat biased in favour of protective 
multiple earthing. 

Referring to Fig. 10, he consoles himself with the fact 
that with an earth resistance of even 1 000 ohms there 
will only be a rise of 120 volts on the framework of 
apparatus when a 60-watt lamp is switched on. But it is 
also true that with an earth resistance of 10 ohms there 
will be a voltage-rise of 60 volts when 1 kW is switched 
on, and it is pointed out earlier in the paper that the 
E.R.A. considers that 30 volts must be regarded as a 
dangerous voltage. It is small consolation to know that 
the voltage-rise due to a 60-watt lamp under favourable 
conditions may be small, when a load of 6 lcW is by no 
means uncommon on a domestic installation. 

As compared with an all-insulated system there is the 
difficulty with protective multiple earthing of the use 
throughout of 3-pin plugs and sockets and 3-core flexibles 
on apparatus. The question is, how are we to insist on 
the standardization of 3-core flexibles when consumers are 
free to obtain their apparatus from multiple stores ? Are 
the supply authorities to be responsible for all pieces of 
apparatus which consumers install ? 

Mr. I. Town: I agree with the author that the pro¬ 
tection afforded to apparatus connected to a supply 
may be unsatisfactory when the installation is earthed to a 
small water supply or pump, or by plate or rod electrodes. 

In Section (7), under " Recommendations," the author 
suggests " That greater attention be given, in the con¬ 
struction of all electrical appliances, to the provision of a 
higher standard of insulation.” Such a recommendation 
is particularly applicable to the electric cooker on a rural 
supply where no efficient water mains are in existence, 
and where every consumer is a potential user. 

There is no apparatus of general use which is so prone 
to leakage as the electric cooker, and it seems that the 
insulation resistance of most cookers is very low indeed 
after they have been in service from 6 to 12 months. 
Coupled with the low insulation resistance is a com¬ 
paratively high fuse capacity, which calls for an earth 
of low resistance if the fuse is to be blown under fault 


conditions. I have experienced difficulty in obtaining 
a low-resistance earth by the methods outlined in Fig. 1. 

Mr. B. D. Youatt: The G.P.O. has, I understand, been 
one of the chief objectors to the practice of multiple 
earthing, owing to the risk of interference with communi¬ 
cation circuits. Since representatives of the G.P.O. have 
been associated with the author in conducting the tests 
described in the paper, it would be interesting to know 
whether any change in the official attitude may be 
expected. 

Mr. J. G. Craven: I should like to ask whether 
the method referred to throughout the paper in connec¬ 
tion with measurement of earth resistances complies with 
I.E.E. Wiring Regulation 1110, which gives interesting 
and full instructions regarding the testing of the effective¬ 
ness of an earth. 

The question of broken neutrals is mentioned in the 
paper, and has been referred to by other speakers. I feel 
there need be no fears on this score, as breakages will only 
happen in practice in very exceptional cases, and it is 
impossible to legislate, by Regulations or otherwise, for the 
one chance of failure in a million. 

I should like to know how the cost was met of the 
700 earth-leakage circuit-breakers installed at Dumfries. 
If the supply authority paid for them, the effect must 
have been to keep the cost of energy up: and if the con¬ 
sumer, then each installation must have cost more. 

It take it that the expression “ true earth ” should not 
be confused with “ true neutral ”; I gather that the “ true 
neutral'' on a system can and does move with the load on 
the network. 

With regard to the question of animals coming into 
contact with “ protective metalwork,” does this term 
mean switchgear, conduits, and metal-sheathed cables 
which form part of farm installations ? 

It is suggested by the author that where protective 
multiple earthing is used a 6-ft. length of |-in. rod, or 
1 -in. pipe, should be driven into the ground as vertically 
as possible. I doubt whether in a great number of 
instances (e.g. in a farmyard, or outside a farmhouse) it 
would be possible to drive either of these into the ground 
to a depth of, say, 5 ft. 6 in. 

The advisability is suggested of earthing the overhead 
neutral conductor of distributors on overhead lines four 
times per mile. Is this earthing to be done by means of 
an earth plate such as is used at the substation, or will 
some other and less costly method suffice ? 

I should be glad if the author would define " resistance 
area,” and "true earth,” and "earth continuity con¬ 
ductor." I do not think it is generally understood that 
the latter may take the form of the metal conduit or 
metal sheath of a cable. 

[The author’s reply to this discussion will be found on 
page 557.] 


NORTH-EASTERN CENTRE, AT NEWCASTLE, 8th NOVEMBER, 1937 


Mr. N. S. Tennant: From my experience I would say 
that the values given in Table 1 for the resistance of 
consumers earths in rural areas are typical of more 
than one network. In fact it appears that unless an 
extensive system of water mains is available or the 


system happens to be a metal-sheathed underground one, 
which is rarely the case in rural areas, the usual system 
of earthing is seldom safe. Even where there are water 
rnains or a cable system exists it is desirable to make a 
test to ensure that the resistance is low enough to provide 
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safety, especially in the case of a fault occurring at a 
distance from the high-potential end of the apparatus. 
Care should be taken in making the connection to a water 
pipe, especially a lead one, as cases have occurred of a 
fault burning a hole in the pipe due to a loose connection. 
Earthing to the cable sheath in the case of an armoured 
network is usually satisfactory, but again a measurement 
should be made of the total earth resistance. 

The author deals at some length with earth-leakage 
circuit-breakers. It appears from Fig. 4 that standardi¬ 
zation of circuit-breakers is very desirable, and this 
Figure also brings out the important point that for a 
breaker of given characteristics there is a limit to the 
magnitude of the fault and earth resistances. I agree 
with the author that there should usually be no difficulty 
in obtaining fault and earth resistances of the order of 
200 ohms ; with a good trip coil such a value is satis¬ 
factory, although there are cases where even this figure 
would be difficult to obtain. Table 1 gives examples of 
the tripping voltages required in practice, which are 
distinctly alarming. The relation of earth resistance to 
tripping voltage given in this Table is variable, and I 
hope that such results are not typical. I would only say 
that it seems very desirable to make a test before passing 
any circuit-breaker installation as satisfactory. Earth- 
leakage circuit-breakers have been extensively used and 
appear to have been fairly satisfactory. The lack of 
discrimination where only one is installed has, however, 
proved a drawback, particularly in the case of isolated 
installations such as farms. The farmer may put up 
with disconnection of his appliances at night, but he 
much objects to his lights being put out of action, neces¬ 
sitating night calls for the service engineer. 

Where animals are kept there seems no alternative to 
the use of the earth-leakage circuit-breaker. I undei'- 
stand that the E.R.A. has not given its blessing to 
neutral earthing in such cases, and that a recent consent 
of the Electricity Commissioners to multiple neutral 
earthing excludes the connection of the neutral to the 
framework in such circumstances. I should like to have 
some further remarks from the author as to what system he 
suggests in circumstances like these, as the isolated farm 
with its own special transformer is one of the commonest 
and most troublesome cases met with. 

Protective multiple earthing is dealt with at length by 
the author, and the figures given in Table 3 show that 
with this type of earthing there is little to fear except 
under fuse-blowing conditions. Phase-to-neutral faults 
require immediate isolation, and on some networks 
without branch fuses a phase-to-neutral fault would not 
blow the fuses. Fuses complying with the British 
Standard Specification should be used rather than the 
usual porcelain-handle tubes, and branch fuses should 
be put in special places. 

I know of only one instance of a broken neutral wire, 
but I have two cases in mind of a neutral link being left 
out. These were only revealed by the lamps burning out 
owing to high voltage. I have little doubt that other 
cases of this sort have occurred. The danger of a broken 
neutral wire is examined in Fig. 11; it would be interest¬ 
ing to know whether there are limits to the value of 
R X W or R 2 W. One would expect R x or R 2 to decrease 
with the number of consumers, and W to increase. 


Evidently if the value of RW exceeds 20 a dangerous 
condition exists, and I think the safety of consumers 
depends mainly on the assured continuity of a low- 
resistance neutral wire. The author refers (page 771) to a 
leakage circuit-breaker installed at the substation, and 
such a device seems desirable although the Electricity 
Supply Regulations do not mention it. 

What is the least number of consumers to which the 
author would apply multiple earthing ? Connected to 
most village networks there are a certain number of 
factories—such places as the creameries of the Milk 
Marketing Board, garages, etc.—and these come under 
the Factory Acts. Some of the motors installed are 
direct-coupled to machines, and although the declared 
voltage might not in itself be harmful a trifling shock 
might lead to an accident. Can the author tell us the 
views of the Home Office on multiple neutral earthing ? 

I approve the author’s suggestion as to the conditions 
to be complied with when using multiple neutral earthing. 
It is evidently important to have the true earth-point of 
the system near the middle, as is the case with the ratio 
of resistances proposed by him. I notice that the 
Electricity Commissioners in a recent consent ask for the 
neutral point of the transformer to be bonded to the 
sheaths of any cables. If this requirement is complied 
with, a low earth-resistance may be expected at the 
transformer, and a ratio of 4 : 1 between any two resis¬ 
tances might be unobtainable. 

Mr. E. Fawssett: Our company controls about 800 
small networks, and we have never had an instance of a 
neutral conductor breaking alone. Certain companies 
abroad have had trouble of this sort, but I believe it has 
been due to somewhat inferior construction. 

The results of the author’s tests on earth-leakage 
circuit-breakers are frankly disturbing, but I think they 
were representative of the state of the art at the time the 
measurements were made. It must be borne in mind 
that earth-leakage circuit-breakers are delicate apparatus 
of rather flimsy construction; they are installed in situa¬ 
tions where the mains voltage is present and where they 
are possibly liable to a certain amount of corrosion which 
will affect the tripping voltage. Unless these switches are 
well maintained they may put us in the position of living 
in something approaching a fool’s paradise. 

The co-operative spirit which exists in Dumfriesshire 
between the undertaking and the consumers enabled Mr. 
Pickles to get the consumers to install earth-leakage 
circuit-breakers at their own cost. If we were to adopt 
this solution, however, we should be faced with a con¬ 
siderable capital expenditure, as it is most improbable 
we could get our consumers to respond in the same way; 
but it is the maintenance much more than the capital 
outlay that has deterred our company so far from adopt¬ 
ing these switches as a general solution. 

As regards the conditions for installing protective 
multiple earthing, I feel that we can easily spend too 
much money in trying to get down to low earth-resistance 
values. I think it is more important to make sure that 
we have a thoroughly sound mechanical job for the return 
circuit, and with that a properly graded scheme of branch 
network fuses. 

Mr. F. E. Heppenstall : On page 765 it is stated that 
the E.R.A. considers that the maximum potential which 
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should be tolerated permanently on metal frameworks is 
30 volts. In some tests I made on myself with dry hands 
I could not feel 40 or 50 volts, but with wet hands I 
could feel 10, and at 15 volts I had to let go of tire 
terminals. I should like to know how the E.R.A. 
arrived at the figure of 30 volts, as at this voltage people 
using wash-boilers and similar appliances might get a 
small but unpleasant shock. 

It is evidently the author’s intention that water mains 
should be used for earthing if they exist, but the low 
resistance of these should not be taken for granted. Tire 
I.E.E. Wiring Regulations require a maximum earth, 
resistance on an installation of 1 ohm, a figure that can be 
justified from consideration of the maximum safe voltage 
on the appliance framework with faults which may occur 
at any point of an element or winding. This resistance is 
not easily measured where the earth connection is made 
to water pipes, but the total earth-circuit resistance is 
the more important and more easily measured figure. 
My company made a number of tests of the earth-circuit 
resistance in Newcastle, and of 74 readings the average 
was 1 ■ 15 ohms, with a minimum of 0 • 3 ohm and a maxi¬ 
mum of 3-8 ohms. Earths to water pipes are therefore 
usually good, but not always so. Where water mains 
exist in rural areas these figures would probably be 
exceeded. 

In the author’s conditions for the adoption of multiple 
earthing the requirement of a maximum resistance of 
10 ohms at 4 points per mile of line will probably be too 
difficult to comply with. An earth rod 6 ft. long by 1 in. 
diameter would have an earth resistance between 25 and 
100 ohms, depending on the nature of the soil; so that in 
order to obtain a value of less than 10 ohms four or five 
of such rods in parallel might be required, and as they 
should be spaced about 15 ft. apart that condition might 
be somewhat difficult. It seems to me that if the figure 
of 10 ohms were exceeded, more dangerous conditions 
might arise (see Fig. 11, where the voltage on frameworks 
depends on RW). 

Condition (iv) under the heading " Recommendations 
on page 778 imposes too elaborate a test. I think a con¬ 
tinuity test is advisable. Such a test as the author 
requires would be very long and expensive. 

In considering the objections to the use of earth- 
leakage circuit-breakers, the author states that cooker 
boiling-plates when damp may have sufficient leakage to 
cause the trip to operate on switching on. A short time 
ago I made a number of tests on boiling-plates; although 
it was found that by damping with steam the insulation 
resistance could be considerably lowered—in one case to 
.10 000 ohms—there was not sufficient leakage current to 
operate the trip. 

Mr. H. Leyburn: I propose to confine my remarks 
to a criticism of the author's " Recommendations ” and. 
" Proposed conditions which should be complied with 
where protective multiple earthing is used,” given at the 
end of the paper. I shall also give proposals for simple 
rules which, in my opinion, are sufficient to deal with all 
urban and rural installations. 

I agree in principle with Recommendation (i), namely 
that protective multiple earthing be permitted in rural 
areas subject to compliance with certain conditions. 
One of the main reasons that has led me to adopt this 


view is that this policy would enable installations in 
rural areas to be brought into line with those in-urban 
areas so far as the wiring of the installation is concerned, 
it being understood, of course, that those in urban areas 
would rely for earthing on a water-main or cable-sheath. 

I cannot, however, agree with Recommendation (ii), 
namely that farm installations where animals may come 
into contact with protective metalwork should be treated 
differently from house installations. It might be difficult 
in practice to draw a distinction between these two types 
of installations; further, if this recommendation were 
accepted, one of the essential conditions, namely stan¬ 
dardization, would be lost. 

Recommendation (iii), specifying that the total resis¬ 
tance in the earth circuit at any time of the year should 
be low enough to pass 2| times the current rating of the 
largest fuse, does not appear to be safe, because the resis¬ 
tance of the earth circuit of the type referred to in this 
recommendation is variable; and it would therefore be 
difficult, if not impossible, to ensure that the relation 
specified always held good. I suggest that it would be 
safer not to rely on small water systems such as are 
frequently found in farms, but to treat such an installa¬ 
tion in the same way as one not associated with a water 
supply. 

Incidentally, in connection with this point and with 
Recommendation (iv), I should like to know the method 
that the author would recommend for testing the total 
resistance of the earth circuit. A device called the 
Earthometer, described by me a few years ago, has been 
developed especially for the purpose of taking these 
measurements quickly and reliably. Its main com¬ 
ponents are an indicating meter calibrated in ohms, a 
small step-down transformer, a polarity-indicating 
lamp, testing leads, and a flexible cable with an adaptor 
capable of being plugged into a socket or lampholder. 
The outstanding feature of the Earthometer is that it 
measures the impedance of the complete earth-fault 
circuit from the framework of the apparatus under test 
right back to the neutral earth electrode of the supply 
substation. If the supply voltage to earth and the 
impedance of the complete earth-fault circuit are known, 
the magnitude of the current that will flow on the occur¬ 
rence of an earth fault can be determined; and, by com¬ 
paring this figure with the fusing current of the largest 
fuse of the installation, it can be ascertained whether the 
earthing is efficient or not. 

Turning now to the “ Proposed conditions which should 
be complied with where protective multiple earthing is 
used,” I do not consider it essential that an earth elec¬ 
trode should be used on each consumer’s premises, as 
specified in Condition (ii); in fact I would suggest that 
such earth electrodes can be safely omitted and that 
earth electrodes on the distributor only should be pro¬ 
vided. These earth electrodes, being under the super¬ 
vision of. the supply authority, could be maintained 
more easily than electrodes on consumers’ premises and 
would therefore be more conducive to safety. 

In connection with the method of earthing the neutral, 
specified in Condition (iii), the author omits an important 
point, namely that in order to guard against a break in 
the neutral distributor, however remote this contingency 
may be, it is necessary to provide an earth electrode 
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having a very low resistance at a point most remote from 
the substation. The additional condition specified, 
namely that the ratio of the maximum to the minimum 
earth-electrode resistance should not exceed 4, is in my 
view unnecessary and uneconomical. 

In connection with Condition (v), I consider that the 
earth-continuity conductor should not be connected to 
the neutral at the meter board but that it should be con¬ 
nected right back to the neutral distributor, so that in 
the event of a break of the neutral conductor between 
the meter board and the distributor there shall be no 


danger to the consumer. 

I do not see the reason for the special condition speci¬ 
fied in the latter part of (vii). If the installation is laid 
out and wired in the same way as any urban installa¬ 
tion, there is no reason for any special tests to be applied 
for checking the current-carrying capacity of the neutral 


conductor. , . , , ,, , 

Finally, there is one condition that I think should be 

included, namely that earth-leakage protection should 
be provided at the substation. I do not think that over¬ 
current protection as specified in Condition (ix) is 
sufficient, because in the event of a break-of the neutral 
distributor the over-current relay may not operate, 
whereas an earth-leakage relay would do so. It may 
be that a biased earth-leakage relay, arranged to respond 
to fault current and not to unbalanced load current may 
have to be used. Tests in this connection would be 


welcome. 

Dealing with the problem 


of consumers’ installations 


in its broadest aspect, I consider that one of the main 
aims always to be kept in view is standardization. 
Without it, the progress of the electrical industry is 
certain to be retarded. It is particularly important that 
the layout and wiring of installations should be stan¬ 
dardized wherever possible, and with this aim in view I 
suggest that the following simple rules should be adhered 
to in all consumers’ installations:— 

(1) Where water mains or cable sheaths are available 

for earthing, i.e. mainly in urban districts, ordi¬ 
nary solid earthing should be applied. 

(2) Where earth electrodes, as specified in (1) above, are 

not available but where multiple earthing of the 
neutral is deemed feasible by the supply autho¬ 
rity, i.e. mainly in rural districts, the authority 
should provide on consumers’ premises an 
earthing terminal connected to the multiple- 
earthed neutral for use as an earth electrode. 

(3) Where neither earth electrodes as specified in (I) 

above are available, nor multiple earthing as in 
(2) above is deemed feasible, i.e. in rural districts 
with high-earth-resistivity, earth-leakage cir¬ 
cuit-breakers should be used. 

If rules somewhat on the above lines were adopted, the 
layout and wiring of installations, except possibly those 
in (3) above, would be standardized to the greatest pos¬ 
sible extent; and if a rural area were changed into an 
urban area it would not be necessary to modify the in¬ 
stallation in any way. 


THE AUTHOR'S REPLY TO THE DISCUSSIONS AT LEEDS AND NEWCASTLE. 
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work when a fracture of the neutral cone -paper that 152 volts is safe, and it was not intended 

place. The majority of this criticism could have bem P P ^ ^ was ^ case . It shown in the paper 

avoided if, in accordance with our view that the that f n certain circumstances with protective multiple 

conductor practically never breaks alone, we g .. . ^-^n^nH-nr breaks, such a vo - 

• i . - n+i ac winch arise in such 


inductor pracucauy u^vu ~ ~ ". ' . _ •. qilch 

.ected to consider the possibilities which arise n 
m eventuality. Attention was given toJht ^ mator, 
however, in order to refute the incorrect sta 
have been made in the past relating to the voFa^e ris 

which can occur on the metalwork when the neutra 

disconnected. We do not admit t ia- i ^ beless 
but a very rare occurrence m this country , n 
it seemed worth while to point out that ^onld it occu 
the conditions would not be as dangerous as has been 

8t m Atldns raises the question of ** 

substation-type earth-leakage circuit-breakers im 
matter is dealt with in some detail W J 71 ° 
the paper, and it is hardly necessary- to jmake ^ 
further reference to the matter except to mdicate th^ 
when a fault occurs on the consumer s p 
current which flows through the substation 

circuit-breaker is only a very sma ^ pr P_ cir _ 

which flows through the consumer s ear . | 

cuit-breaker, and consequently there is no 
the former ever operating prior to the lat . 

You 82. 


that m certain uiLumoiauw,- ■■— r 
earthing when the neutral conductor breaks, such a vo - 
tage can occur on apparatus; but the objectostaring 
this was to show that the value is considembly toss than 
the line voltage, which has in the past been ^uted as 
the value which can occur on metalwork. This answers 

also the question raised by Mr. Coop. . 

The question of specifying the characteristics of earth 

leakage circuit-breakers is now under by 

the British Standards Institution. I agree ’ 

Field that the "all insulated” system should l ho used 

for earth-free installations; danger is createdy 

ducing an earth-where one does-not already exist 

WRh reference to the low insulation-resistance of 
With reiereiicc informed of 

cooker boiling-plates, the E.R. . evidence 

the difficulties which occur, but there is little eviaen 

that they are . widespread. _ . , , t0 which Mr. 

In connection -with> vant^ U ^ ajaume 

Field refers, it is not correct lor two sil mlnx to 

that the human body has a resists t todividual 

that of the electrode one is tn 

may be standing in a locality or on a floor wm 
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a very different resistivity from that of the soil where 
the earth electrode is situated, and the other is that the 
resistance to earth is a function of the size of the elec¬ 
trode, and an adequate comparison can therefore only 
be made by comparing the size, depth of burial, and 
shape of the earth electrode, with the size of the man’s 
feet, the type of footwear, and various other factors. 

Mr. Martin and Mr. Field both raise the question of 
the voltage-drop in the phase wire when multiple earth¬ 
ing is used. This is not a resistance effect, but is due 
to the change of reactance which occurs when part of 
the current flows back through the earth instead of 
through the neutral wire. Clearly, in these circumstances 
the complete circuit is more reactive and the reactance 
drop of the phase wire is higher than when the total 
current returns through the neutral wire, which is in 
close proximity to the phase wire. 

I am very glad to have Mr. Martin’s account of his 
experience with a system of protective multiple earthing, 
and his evident satisfaction with the system is an en¬ 
couragement to other engineers to make similar experi¬ 
ments. There is a very good reason why a mixed 
system of ordinary earthing and protective multiple 
earthing should not be used. This is that if a low-resis¬ 
tance fault occurs on the installation which uses ordinary 
earthing, the current flows through this fault and back 
to the neutral, via all the multiple earths in parallel. 
If the direct earth has a lower resistance than the mul¬ 
tiple earths on the neutral, the proportion of the total 
voltage-drop over the multiple earths will be greater 
than that over the ordinary earth, and this may result 
in the neutral being at a dangerous voltage with respect 
to earth. If 30 volts is taken as the dangerous value, 
this means that separate earthing should not be used 
if the value of the direct earth resistance is less than 
7 times the resistance of the whole neutral to earth. 

I am grateful to Mr. Martin too for drawing attention 
to an earth-leakage circuit-breaker with a sticking push¬ 
button; this is the second instance of which I have 
heard, and is a matter which should be taken into account 
by the British Standards Institution in drafting their 
Specification. 

In reply to Mr. Sayers, the disadvantage of connecting 
an earth-leakage circuit-breaker to the neutral is that 
in the event of a phase-to-neutral fault at one installation 
the neutral may momentarily be raised to a sufficient 
potential with respect to true earth to operate all the 
neighbouring earth-leakage circuit-breakers. 

In reply to Mr. Youatt, I am afraid that I cannot speak 
on behalf of the G.P.O., but I can say that I understand 
that they are prepared to accede to requests for protective 
multiple earthing which are made through the Electricity 
Commissioners, and that in the event of any special cir¬ 
cumstances arising their attitude would not be an un¬ 
reasonable one. 

In reply to Mr. Craven, the measurements of earth 
resistance described in the paper were carried out in 
accordance with Regulation 1110 in the Tenth Edition 
of the I.E.E. Regulations for the Electrical Equipment 
of Buildings. 

As explained by Mr. Fawssett, the cost of the earth- 
leakage circuit-breakers in the Dumfries area was met 
by the consumers. There was no intention to distin¬ 


guish between " true earth ” and “ true neutral ” except 
hi so far as the latter is a point on the neutral conductor 
which is at no difference of potential from the general 
mass of earth. This point does move about on the 
neutral as the load varies. 

" Protective metalwork on farms ” refers to the switch- 
gear, conduits, and metal-sheathed cables. The type 
of earthing required on the distribution system will 
depend on the resistivity of the soil, and may consist 
of plates, pipes, or strip or conductor earth-electrodes. 
Probably the last-mentioned is the cheapest form; it 
is constructed by burying lengths of spare oi sci ap copper 
conductor in the ground at 1 ft. to 1 ft. 6 in. below the 
surface. The conductor should be buried in straight 
lines, and it is often advantageous and convenient to 
place it at the bottom of a ditch, where the soil is 
moist. 

" Resistance area” as applied to an earth electrode, 
and “ earth-continuity conductor,” are defined in the 
I.E.E. Wiring Regulations. The expression " true earth, A 
used when one wishes to define the potential of the 
electrode or conductor, refers to that point in the ground 
which is so far removed from an earth electrode that 
its potential is the same, for all practical purposes, as 
that at any more distant point. In fact, “ true earth ” 
is any point in the ground outside the resistance area 
of an earth electrode. 

I am glad to have Mr. Tennant’s comments, and agree 
with his suggestion that it is desirable to make a test 
before passing an earth-leakage circuit-breaker installa¬ 
tion. With reference to farm installations, I understand 
that the recommendations of the Electricity Commis¬ 
sioners are that protective multiple earthing shall not 
be used at farms if animals may make contact with the 
protective metalwork. It seems, therefore, that it may 
be used provided the metalwork is kept out of i each 
of the animals. This matter is, however, receiving 
further consideration by the E.R.A., and will be dealt 
with in a Supplementary Report, as will also the question 
of the resistance values of the earth electrodes required 
for the distribution system. 

I do not see any reason why there should be a minimum 
number of consumers for which protective multiple 
earthing should be used. I cannot speak for the Home 
Office, but my impression is that they are prepared to 
give favourable consideration to applications for pro¬ 
tective multiple earthing, provided that it is carried out 
in a satisfactory manner. 

Mr. Fawssett thinks it most improbable that con¬ 
sumers in his area would be prepared to meet the cost 
of earth-leakage circuit-breakers. In this connection 
it is of some value to note that in Australia, where a 
large change-over to earth-leakage circuit-breakers, is 
taking place, the undertakings are themselves meeting 
the cost of installing one earth-leakage circuit-breaker 
in each installation. Additional circuit-breakers or re¬ 
placements must be provided by the consumer. 

Mr. Heppenstall’s self-applied shock tests are very 
interesting, and the difficulty which he felt in holding 
electrodes with wet hands when the difference of poten¬ 
tial was 15 volts suggests that the E.R.A. figure of 30 
volts is not abnormally high. The criticism which has 
generally been experienced is that the value is too low. 
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It will be appreciated that some figure had to be arrived 
at which was not so high that fatal shocks could readily 
be obtained, but on the other hand was not so low as 
to make it impossible for protective systems to comply. 
Later information has shown these data to be unreli¬ 
able. I am not aware of any previous tests which have 
been made to determine the earth resistance of a large 
number of installations using the water pipes as earth 
electrodes, and the information on this subject which 
Mr. Iieppenstall gives is very valuable. 

The insulation resistance of boiling-plates varies very 
considerably, and I understand that there is a marked 
difference between two classes of plate which use dif¬ 
ferent insulating materials. 

X am interested to have Mr. Leyburn’s extensive 
comments on the recommendations of the paper, and 
am pleased to be able to inform him that the question 
of farm installations is receiving further consideration 
bv the Electrical Research Association and that the 
matter will be dealt with in the Supplementary Report 
to which I have already referred. 

There is some difference between what Mr. Leyburn 
refers to as the " total resistance of the earth circuit 
and the circuit which it is intended should be measured 
before protective multiple earthing is used. The mien 
tion is that the resistance of the earth-continuity con¬ 
ductor should be measured, but that these tests^ou 
be carried out with an appreciable current. The Eart 
meter which he describes is a very useful instrument for 
measuring the resistance of the neutral lead together with 
the two earth electrodes, but with protective multiple 
earthing it is not essential to measure the whole circuit. 


I agree that it is not essential to use an earth electrode 
at each consumer’s premises, but only on condition 
that the earth-continuity conductor is run rig 
to the neutral distributor. Unless this is done t eco - 
sumer is exposed to greater danger when n«»W 
service wire is broken than.he would be if an eaith 

electrode existed on his premises. 

Mr Leyburn does not state how low the earth resis¬ 
tance should be at the end of the neutral 
he does not point out that every time the distributor 
is extended (which often occurs in rural areas) it would 
be necessary to install another low-resistance electrode 
In my opinion it is better to prescribe that there should 
be so many electrodes per route mile of the installation, 
and to attempt to limit their resistance to some value 
which there is reasonable hope of the underta mg emg 
able to obtain; and for those consumers who are at the 
end of the distributor beyond the last low-resistance 
earth electrode, reliance must be placed on their own 

^Itisagreed that in any system using ordinary earthing 
the earth-continuity conductor should be m as satis¬ 
factory a condition as when protective multiple earthing 
is used- but it cannot be denied that in many existing 
installations if the earth electrode had a really low resis¬ 
tance the earth-continuity conductor would be unable 
to carry the fault current. With a protective-multiple¬ 
earthing system the fault current must of necessity be 
lame and it is therefore very desirable that the earth- 
continuity conductor should be adequate to carry it 
Possibly a similar test should be made in systems using 
a satisfactory form of ordinary earthing. 


___ uthe ey aMTNATION AND RECORDING OF THE 

D,S £S‘Mectro“r™kam by means oe the cathode- 

RAY OSCILLOGRAPH”* 

NORTH MIDLAND CENTRE, AT LEEDS, 7th DECEMBER, 1937 


r>r S J. Hartfall: All our electrocardiographic work 
i ' •ici'ia nt nresent done with the string galvano- 
m hospit c P reproduced in the paper are 

meter, and if the 'es^lts r^p ^ author , s instru _ 

average samples of work d ® has bee n made. I 

XuVhke toknow” whether the apparatus is cheap and 
Should like to im bedgide of the patient) 

££& wo:M"o g st to our hospitals it wo advised 

th ™ bondman, The paper describes the com- 

, M f- • f : wHSie of amplification (such as is 
”d t wireless worh) with the cathode-ray osciUo- 
* Paper by Dr. D. Robertson (see vol. 81, p. 497). 


graph and its application to the study and alleviation of 
suffering. There can be little doubt of the ir ^P r °^ e ^^_ 
the author’s instrument makes on the Emthove gc 
meter which has been invaluable for the last 30 years. 

I should like to know the effect of a reduplication of 
the heart beat, which, however, disappears^ aft^ h^vy 
exercise. I should also be interested to know the effect 
on the heart beat of physical or mental shock. 

Mr. J. G. Craven : In the Summary the author speaks 
of the cathode-ray oscillograph as being devoid of inertia 
Is this strictly true? An engineer, either electneal or 
mechanical, finds it difficult to imagine anything which 
moves but is devoid of inertia. 
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In the author’s demonstration, when the patient was 
coupled to the cathode-ray oscillograph and was asked 
to clench his fist the record obtained seemed to be made 
up of the 5th, 9th, 13th, and all the rest of the harmonics. 
It was quite a good example of what we do not want in 
alternating-current machinery, and showed the diffi¬ 
culties the author has been up against in his research work. 

I learn that the small voltages which are recorded on 
the electrocardiograph are not induced in any way, but 
are due to more or less the same type of action 
as occurs in an ordinary cell, i.e. chemical action. It 
is amazing to think that these minute voltages which 
exist in the body are recordable by the author’s 
apparatus. 

Dr. Douglas Robertson [in re-ply)'. I can assure Dr. 
Hartfall that the specimen electrocardiograms (Fig. 21) 
illustrating the paper, and also those shown during the 
meeting, are a fair average of those which I get with the 
apparatus in its present form. As mentioned in Section 
(8) of the paper, a little care is necessary in exposure and 
development if a good clean curve is to be obtained. 

Arising directly out of Dr. Hartfall’s remarks I should 
like to stress a point which I am convinced is of great 
importance in obtaining good clean electrocardiograms; 
and it is a point to which I feel not enough attention 
is paid in routine electrocardiography. I refer to the 
avoidance of all possible extrinsic muscular action, the 
action potentials of which will necessarily obscure the finer 
details of the electrocardiogram and upset the clean 
appearance of the curve. This is especially important 
with the cathode-ray electrocardiograph, since its high- 
frequency response is appreciably better than that of 
most other electrocardiographs; and it is also a desirable 
procedure with other types of electrocardiograph if really 
clean cui'ves are to be obtained. It is essential for the 
patient to be really relaxed, so that not even involuntary 
muscle tremor or tonic muscle action, of sufficient 
degree to produce appreciable action potentials, is present. 
To this end he must be comfortably seated in an arm-chair 
with his arms supported. If he is in bed, extra pillows 
to act as arm-rests may be found helpful. And a few 
moments spent in reassuring him (and especially her) 
about this, to him, strange examination will be tenfold 
repaid in the clean curve that results. 

The apparatus is completely portable, and was in 
fact specially designed so that it allows immediate and 


easy examination of the electrocardiogram at any bed¬ 
side. It is for this reason also that considerable pains 
have been taken over the question of obtaining the high 
voltage necessary for the cathode-ray-oscillograph from 
the supply mains, since high-tension batteries to give 
the requisite 800 volts will necessarily be so heavy as 
to render the apparatus much less portable. At present 
the cost of the apparatus is slightly less than that of 
most other types of electrocardiograph. 

In reply to Mr. Longman, I would, refer him to “ Heart 
Disease ” by Dr. Paul White, and to my answer to Mr. 
Strafford’s question in the London discussion. 

I apologize to Mr. Craven for my rather loose state¬ 
ment with regard to the absence of inertia in the cathode- 
ray oscillograph. Nevertheless, as the cathode ray is a 
stream, or jet, of electrons the mass involved is (I speak 
in all humility as no physicist) only that of the electron, 
namely 9 X 10~ 28 gramme. So that, even if it is moving 
at high velocity, the inertia present must be very small. 
Let us say, therefore, that “ for all practical purposes ” 
the cathode ray is without inertia. After all, it follows 
fairly accurately the vagaries of the B.B.C. television 
studio for a picture 12 in. wide, containing, in effect, 405 
lines and changing 25 times every second. I think, 
therefore, we may say, speaking mathematically, that 
the inertia present in the cathode ray as the moving 
part of a measuring instrument—the cathode-ray 
oscillograph—at least approaches zero. I do not pretend 
that the electrocardiograph described is free from inertia; 
but what inertia there is is artificially introduced in the 
filter-circuit units [see Sections (5) and especially (7) of 
the paper], and is directly under the control of the ex¬ 
perimenter; it is not in the cathode-ray oscillograph. 
With other types of electrocardiograph where the moving 
part has appreciable mass such control is obviously 
impossible. 

In conclusion, I should like to mention one reference 
which was omitted from the list at the end of the paper 
and which would have been included had it come to my 
notice earlier. It records the use of the cathode-ray 
oscillograph for electrocardiographic purposes as early 
as 1927 and is of historical interest only:— 

Dock, W.: " The use of the Cathode-Ray Oscillograph 
for Electrocardiography," Proceedings of the Society for 
Experimental Biology and Medicine, 1926—7, vol. 24, 
p, 566. 
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DISCUSSION ON 
THEORY AND PERFORMANCE OF THE ICONOSCOPE”* 


Dr. F. C. Williams (communicated ): The sections of 
this paper of greatest interest to me are those dealing 
with the signal/noise ratio. The exact calculation of 
noise in such a complicated device is a matter of consider¬ 
able difficulty, and the authors appear to have made some 
simplification in the earlier section entitled “ Calculation 
of the sensitivity of the iconoscope.” Here they calcu¬ 
late the noise output with reference only to the thermal 
noise in the coupling resistor and shot noise m the 
amplifier; they omit the shot noise originating m the 

iconoscope. ^ . 

They state on page 109 that "FTv — K.JB, where is 
the shot coefficient,” but they appear to refer to K v the 
thermal coefficient defined earlier on that page. The 
present discussion assumes that such is the case.! 

Although the beam current does not m fact travers 
the resistance B, it appears probable that its shot 
fluctuations will generate a noise across B *° 

such traversal. Further, the secondary and photo- 
currents which make up the actual return 
beam current will probably contribute a further more 
or less independent, shot fluctuation across B. Oma 
I, is the beam current, it appears very probable that 
there will be a fluctuation current traversing R whose 
mean-square value is 

T = 2A b I b ed,f 

where A„ is some factor, probably not lesstlmn2, ^which 

exnresses the extent to which the fluctuations m 1 

exceed those relevant to the passage the 

limited current I/, through B. section relating 

order of 2 seems to be implied in the sectionjeto g 

to electron multipliers; experimental evidence o 
probability can be derived from the known properties o 
tetrode vaLs. With many such-there. «£“ ^or 


current being given an arbitrary r.m.s. value i 0 for the 
time being. I have discussed this last circuit in a paper 
recently submitted to The Institution.! It is there shown 
that with the circuit of Fig. A the (noise/signal) 2 ratio is 


2 kT 
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where 

A b I b — mean photo-current. 

J n = r.m.s. signal current from the photocell 


R — coupling resistance in series with the photocell. 
C — interelectrode and stray capacitance from grid 
to earth. 

I — mean anode current of the valve. 

A — measure of the depression of shot effect b> 
space charge. 

q — mutual conductance of the valve. 

L = ojJ2ir = band width to which the amplifier 

° responds; 




it is assumed that by means <*. 

f 7dTvalves. With many such th^ exmtea^nm ^ ^ r the response * heW — R and 

hrinm potential for the anode (otherwise than zero; ior f encies from zero to /„ whatever m 

*!K=s:r.Kt«—— 


and resistance m senes — D -- mu-aimne in q 2 — " ~--^i -r rrm 

conditions are closely analogous 

He found A b to be of the orfer o «t " flioker first expression, being pto t„-current. 


+ 


fypAbhl 


He found A b to De w and flicker 

statement is impossible since b 

effect was present. . ,. • + -u e iconoscope 

It follows that the signal/noise ^ 

is the same as that obtaining in signal photo- 

amplifier having a photo-current the sign V 

w r> r A Morton, Ph.D., and L. E. Flory 
* Paper by V. K. Zworykin, Ph.D., G. A. » 

(see page lofi). ‘ • ” *"'■ 


A.X , i-wwiv* - * _ 

fheauthors have conformed that thef° 10 °*. Actually the 
t Proceedings of the Royal Society, e ^ m ents. Since I is zero this is 
condenser was short-circuited^in^ b ^ lin ^g ec t e d by its introduction, p 


condenser was snori.-oitt.uicv- ^_, 

immaterial; the fluctuation, in 21 w „ r t - n0 de capacitance 
it is great compared with the anode-cattioae cap* 


first expression, being then photo-current, 

the bracket is the (raoxse/slg^l) m thep ^ ^ ^ 
« to the^e of the ^ 

to "--supplements 

the basic noise. Valve noise mil be neg * 

AlCPm I 
Sg 2 AbI b 

t .. Co-existent Thermal and Thermionic Fluctuations in Complex Networks. 
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AND PERFORMANCE OF THE ICONOSCOPE” 

Hence with N = 10, A b = 2, and I b — 0-5 ^t,A, and 
their values for the remaining factors, 

F = 0-2 x 10- 3 lumen/cm? 


^ AIC 2 co o 

Le ' h > 3 g*A b 

With typical values this reduces to 

I b > 0-15 /JjA . 

Hence with a high value of coupling resistance 
(It — 10 5 to 10° ohms is sufficient) and subsequent 
frequency compensation, we shall have, if I b — 0*5 fiA, 

,S “ . 

o 

With the authors’ notation, and with J 0 = FpkA, this 
reduces to 

1 y (2 A b l b ef 0 ) 

N “ ‘ : r ' ~ Fp k A . 

,, N ■\/{2A b li J ef Q ) 

Ar li I* **• - -- 


as against 0*7 x 10“ 3 lumen/cm? according to the 
authors. 

Thus the use of high R and subsequent correction 
should improve the sensitivity by a factor of 3-|. 

The improvement obtained by this method does not 
appear capable of attaining such values as are possible 
with secondary multiplication, for valves are not avail¬ 
able for which AI ° ^ is sufficiently low to permit of 
ff 2 Ab 

the advantageous use of much lower values of I b . But 
it does appear that the adoption of the system would 
permit of the more advantageous use of the present 
commercially-produced iconoscopes. 

It is perhaps worth noting that it can be shown from 
the first equation that the authors’ assessment of valve 
noise is probably rather high; if the same typical valve 
properties are assumed for R = 10 4 o> as were assumed for 
high values of R, the value of F is about 0 • 5 lumen/cm? 


INSTITUTION NOTES 


JOINT COMMITTEE ON MATERIALS AND 
THEIR TESTING 

The Joint Committee on Materials and their Testing, 
consisting of representatives of some 26 technical Institu¬ 
tions and Societies (including the I.E.E.), which was 
formed in 1937 to act as the British national organization 
in matters relating to materials and their testing, has now 
issued an Annual Report on the work of the Committee 
for the year ended 28th March, 1938. Copies of this 
Report can be obtained by members of the I.E.E. on 
application to the Secretary of the Joint Committee at 
The Institution of Mechanical Engineers, Storey’s Gate, 
London, S.W.l. 


INTERNATIONAL ENGINEERING CONGRESS, 
GLASGOW, 1938 

Members are reminded that the International Engineer¬ 
ing Congress, full details of which were enclosed with 
the March issue of the Journal, will take place in Glasgow 
from the 21st to the 24th June. Applications to partici¬ 
pate in the Congress should be made on the requisite 
form, also issued with the March issue of the Journal, and 
should be forwarded to the Hon. General Secretary of the 
Congress, Mr. P. W. Thomas, 39 Elmbank Crescent, 
Glasgow, C.2. 

The closing date for the receipt of applications will be 
the 31st May. 


METER AND INSTRUMENT SECTION MEETING, 

20TH MAY 

Owing to unforeseen circumstances Prof. G. Keinath, 
who was to have given a lecture at the above meeting 
on “ New Measurement Technique, with particular refer¬ 
ence to Alternating-Current Measurement,” will not be 
able to be in England at that time. The following 
lecture will therefore be substituted: “Electrical Tem¬ 
perature Measurements in Physiology,” by Prof. A. V. 
Hill, O.B.E., Sc.D., F.R.S. 

GRADUATESHIP EXAMINATION RESULTS: 
NOVEMBER, 1937 (SUPPLEMENTARY LIST)* 

Passed-)* 

Alexander, Nellumatil Thomas (Ceylon). 

Balkrishnan, Narayana Iyer (India). 

Bhatia, Manmohan Singh (India ). 

Chatterjee, Amiya Kumar (India). 

Curtis, Donald Cuthbert (New Zealand). 

Dastur, Naval Jamshedji (India). 

Deshpande, Dattatraya (India). 

Deshpande, Murlidhar Vinayak (India). 

Deshpande, Prabhakar Raghunath (India). 
de Silva, Gostinnawadu Francis (Ceylon). 

Dotivala, Hormuz Dadabhai (India). 

* See page 228. 

t This list also includes candidates who are. exempt from, or who nave 
previously passed, a part of the Examination and have now passed m the 
remaining subjects. 
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Passed —.-continued 


Downey, James Arthur ( Australia). 

Gardiner, John Henry (New Zealand). 

Gejji, Ramchandra Krishna [India). 

Hayward, Doyle Walton [South Africa). 

Homersham, Brian Ryder McClintock (New Zealand). 
Hussain, Lewis Emmanuel (India). 
lengar, Naduvakkarai Srinivasa Aravarauda (India). 
Jangalwala, Dara Dinshawji (India). 

Jones, Harold Alan (Australia). 

Karve, Keshav Raghunath (India). 

Khanna, Chaman Lai (India). 

Krishnaswamy, Vippodu (India). . 

Lodge, Ernest Charles (South Africa). 

McGill, John Stirling (South Africa). 

Mahajan. Narayan Balwant (India). 

Melville, Denis Hill (Malta). 

Mohanraj, Vellore Govindraj (India). 

Murthy, B. N. Sreenivasa (India). 

Pattison, John Charles (South Africa) 

Pearson, John Archibald (New Zealand). 

Pereira, Charles Anthony Frideswide (India). 


Ramanathan, P. (India). 

Rane, Kumar Shridhar (India). 

Rao, Basrur Venugopal (India). 

Russell, Ernest Sidney (South Africa). 
Sankaran, Venkatram (India). 

Seervai, Horn! Pirojshaw (India). 

Sivasamban, Palayavalam Sivaramier (India). 
Soman, Narayan Shridhar (India). 


Srinivasan, K. (India). 

Srinivasan, Kazhiur (India). 

Sukhadia, Pratapchandra Uttamram (India) 
Thomas, Ambrose Bramwell (India ). 
Thombre, Balkrishna Vithal (India). 


Toma, Robert (Egypt). 

Treasurer, Vinaykant Dhirajlal (India). 
Vanikar, Balkrishna Sakharam (India). 
Vohra, Satya Pal (India). 

Wagle, Moreshwar Mangesh (India). 


Passed Part I only 


Anderson, James Robert (New Zealand). 

Bapat, Waman Vinayak (India). 

Bhagawat, Sadashiv Ramachandra (India). 
Bhatnagar, Sharda Bhushan (India). 

Blakeley, Philip William (New Zealand). 
Canning, Randall George (South Africa). 
Churchill, John Henry Castleton (South Africa). 
Cooray, Nawalage Justin (Ceylon). 

Crozier, Ian Vernon Claude (Ceylon). 
Dissanayake, Sirisena (Ceylon). 

Downey, Raymond Sinclair (Australia). 

Francis, Edward Charles (. Australia ). 
Geoghegan, Joseph Francis (New Zealand). 
Ghosh, Nikhil Krishna (India). 


Goverdhan (India). 

Griffith, William Henry Deane (South Africa). 
Halliday, Kenneth William Jardine (South Africa) 
Lake, Arthur Lawrence (South Africa). 

Lele, Vyankatesh Govind (India). 

Mathiesen, Eric (South Africa). 


Passed Part I only —continued 

Mentv, Burj or Manchersha (India). 

Page, Ian Marshall (New Zealand). 

Raj, Cathiresam Pillai Mathava (Ceylon). 
Rajagopalan, Subrahmanya (India). 
Ramaswami, K. (India). 

Rao, Guthikonda Virabhadra (India). 

Reddy, S. R. Vithoba (India). 

Rose, Raymond (South Africa). 

Sarma, P. R. Neelakanta (India). 
Seethapathirao, Devaguptapu (India). 

Shah, Nagindas Vithaldas (India). 

Shah, Shantilal Amarchand (India). 
Shankaran, Alladi (India). 

Srinivasan, Raghavachari (India). 

Steele, Harry Theodore (South Africa). 
Subrahmanyan!, P. Ch. (India). 


Passed Part II only 

Alagaratnam, Candiah (Ceylon). M / 

Carrier, Mervyn Joseph Alexander (Federated Malay 

States). _ ., ' 

McArthur, Ro}^ Frederick (New Zealand). 

Mouat, William Neils (Neiv Zealand). 

Muthalaly, K. N. Abraham (.Federated Malay States). 
•Ralrrmkund Savanna {India) 


ELECTIONS AND TRANSFERS 

At the Ordinary Meeting of The Institution held on 
the 7th April, 1938, the following elections and transfer. 
, 1 


Elections 


Member 

Braillard, Raymond. 


Benstead, Charles 
B.Sc.Tech. 

Bray, Frederick Harry. 
Cochrane, John Noel, B.Sc. 
Costin, Arthur William, 
B.Sc.(Eng.). 

Emery, Wilfred Daniel, 
B.Sc. 

Gough, Kathleen Agnes 
(Miss), B.Sc. 

Hargreave, Ernest. 

Holt, Frederick Brereton. 
Hughes, Cecil, B.Sc.(Eng.). 
Lavington, Edgar. 

Lindsay, Charles George. 
Lloyd-Jones, Maurice Glyn, 
B.Sc. 


Lumsden, Robert Smith. 

Mill, Harry. 

Mitchell, Percy George. 

Pattison, Raymond. 

Pestarini, Joseph Maxi¬ 
mus, Prof., Hr. 

Reynolds, William John, 
B.Sc. 

Saville, Willie. 

Sharpe, Hubert Ihomas A. 

Starkey, Henry Yorke. 

Stonebanks, Arthur May- 
hew. 

Wain, Thomas Henry M., 
B.E. 

Wallis, Herbert. 

Watson, Thomas. 


Associate Members 
Grey, 


Associates 


Drummond, George Valen¬ 
tine. 

Fullerton, Leo Lewis. 
Longthorne, Joseph. 


Haddocks, James. 

Seaton, John Eloward. 
Wilson, William Humble. 
Wiltshire, George Reginald. 



564 


INSTITUTION NOTES 


Graduates 


Beattie, Robert Kyd, B.Sc. 
Booth, Reginald Went¬ 
worth, B.Sc. 

Broad, Ewart Richard, 

B.A. 

Brown, Francis James, 
B.Sc.(Eng.). 

Burnet, James. 

Chakrabarty, Manindra 
Nath, B.Sc. 

Colies, William Morris, B.A. 
Copping, Geoffrey Percy, 
B.Sc. 

Duncombe, Eliot, B.A. 
Dezsoe, Heinz K. 

Eraut, Alexander Dennis, 
B.A. 

Evans, Reginald David, 
B.Sc. 

Gable, Thomas John. 
Guthrie, Duncan. 

Heal, Henry Thomas. 
Hicks, George Herbert B., 
B.A.I., B.A. 

Hinckley, Roy Thomas. 


Horn, James Gordon, B.Sc. 
(Eng.). 

Hubbard, Bruce Lancelot 
F., B.Sc. 

Hussein, Mohamed Aly, 
B.Sc. (Eng.). 

Janies, Harold Harley. 
Johnson,Eric Weaver, B.A. 

Karney, William Phillip. 
Kekre, Madhusudan Nil- 
kanth, B.Sc. 

Lind, Charles Andrew R: 
Nuttall, Harold. 

Pirchan, Emil Edwin, B.E. 
Sanderson, Philip George. 
Shackleton, Norman. 
Taylor, Graham Sinclair, 
B.A. 

Tonge, Frank. 

Whitehead, John. 
Whiteley, Trevor, B.Sc. 
Tech. 

Woodbridge, George Lash- 
mar, Lieut.-Commander, 
R.NJRet.). 


Students 


Adhikary, Phanindra Mo- 
hon. 

Almond, Herbert. 

Anderson, Wilfred Roy. 
Arjuna, Megh Raj. 
Atkinson, Alan. 

Bakeroff, Habib Khamsi. 
Bartlett, Peter Malcolm. 
Bell, Walter. 

Bennett, William Gordon. 
Bentley, Donovan Vernon 
C. 

Blake, Peter Maurice. 
Blunden, FrederickCharles. 
Boulton, Brian. 

Brown, Leslie Ronald. 
Chugani, Gurbux Kodumal. 
Cook, Albert Trevor. 
Cranage, William Walter. 
Dasgupta, Shib Sundar. 
Davies, Harold. 

Deeley, Reginald Ernest, 
de Palo, Walmer Louis V. 
Deshmukh, Giridhar Trim- 
bakrao. 

el Messiri, Mohammed cl 
Anwar A. 

Else, William Alan. 

Fisher, Charles Arthur. 
Fletcher, Stuart. 

Forsythe, George Andrew. 
Green, Richard Douglas. 
Green, John. 

! Griffiths, Ronald Bertrand. 


Hasluck, Norman Edwin. 
Hickling, Charles Geoffrey. 
Holloway, Leonard George. 
Holtom, Gordon Mark. 
Hoon, Hari Krishen. 
Hughes, David Alexander. 
Ingham, Percy. 

Jafferjee, Asgarali. 

Jaques, Sidney Herbert. 
Jones, Edgar Goldstone. 
Kesari, S. 

King, Charles John. 
Kington, Cecil Newton. 
Knowlson, William John,. 
Lai, Girdhari. 

Lee, Chih-Wu. 

Levin, Arthur. 

Little, John. 

Lomas, Wright. 

Macnab, William Theo¬ 
dore. 

Marfakia, Jimmy Kaik- 
husroo. 

Martin, Stanley Arthur. 
Menon, Bhakti Vilas D. 
Mitra, Asok Kumar. 
Morris, Islwyn. 

Morris, Harold Thomas. 
Moss, Richard Allen S. 
Napper, Charles Geoffrey. 
Oliver, Albert Jackson. 
Parsons, Alfred Lorenz. 
Pe, Aung. 

Pearce, Raymond. 


Students —continued 

Pedley, William. 

Perry, Harold Leslie. 


Quinn, Joseph Francis. 
RamaMurty, Nelamangala 
Vuddi S. 

Ramanathan, G. 

Reynolds, William Charles. 
Richardson, Rene Joseph. 
Roberts, Denis Norman. 
Russell, Raymond Harry. 
Ryder, Melville Francis. 
Satyanarayana, Nimma- 
gadda. 

Shafy, Morad Abdel. 
Smith, Geoffrey Foster. 
Spencer, Arthur. 

Stille, Carl Erik. 

Stockell, Cyril John. 
Surtees, Benjamin John. 
Subbarao, Vankina. 

Sweet, Alexander. 


'l'idey, Laurence Charles. 
Tonse, Surendranath Pai. 
Topping, George Edward. 
Townsend, William Charles 
G. 

Tweedy, Stanley Edwin, 
van Gelder, Frances Mar¬ 
guerite A. (Miss). 
Viswanathan, W. 

Walker, John Basil. 
Walker, Maurice Frederick. 
Watt, Thomas John. 
Watts, Frederick Albert. 
Warden, Frederick Wil¬ 
liam. 

Weston, Hugh Sydney 

M. 

Willson, Geoffrey James. 
Wilson, Donald Mervyn. 
Windows, Clifford Edgar. 
Winter, Ronald Sidney. 


Transfers 

Associate Member to Member 


Blackburn, Charles Lord, 
B.A. 

Clotworthy, Stanley Ed¬ 
ward, B.Sc.(Eng.). 
Egginton, John Leslie,B.Sc. 
Ellis, Thomas, B.Sc. 
Horrell, Lloyd Leslie 
Knight, Henry de Boyne, 
B.Sc. 


Lovely, William Stanley, 
B.Sc. 

McLeod, Hugh Henry. 
Rodger, John Wilfred. 
Sayers, Donald Phillpott, 
B.Sc. 

Scutt, William Duke. 
Sinclair, George Flett. 
Taylor, Eric James. 


Associate to Associate Member , 

Burton, Edward Arthur. 
Williams, John William M. 

Graduate to Associate Member 

Raahauge, George Alfred. 
Richards, Charles Graham, 


Blagg, Sydney Moody. 
Breckell, Henry. 


Barton, Charles Henry. 

Colvin-Smith, Peter Moli- 
son. 

Doshi, Jagjivandas Hiralal. 

Ellis, Horace Dudley McD., 
M.A. 

Farries, Herman Ramsay, 
B.Sc. 

Finch, Frank Hugh U. 

Fowlie, William Stephen. 

Gorrie, William Campbell, 
B.Eng. 

Inglis, Felix Stevens. 

James, Griffith Alcwyn. 1 

Knott, Harry Cleal. 

Lejeune, Sydney Maurice. 

Lester, Guy Cyril O. 

Mathur, Lakshmi Narain, 
B.Sc., B.Eng. 

Metcalf, Alfred Guest, B.Sc. 

Price, Trevor Gwyn E., 
B.A. 


M.Sc.Tech. 

Robinson, William George, 
B.Sc.Tech. 

Smith, Walter William, 
B.Sc. 

Stanton, Eric Percy, B.Sc. 
(Eng.). 

Stewart, Franz Schubert, 
B.Sc. 

Stubbs, William. 

Taylor, Leonard Francis, 
B.Sc.(Eng.). 

Thomas, Harry. 

Thomson, William Sidney, 
B.Eng. 

Turner, Herbert Alexander, 
B.Sc. (Eng.). 

Vines, Murray. 

Walker, Thomas Henry, 
M.Eng. 
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I.M.E.A. CONVENTION 

Standard Telephones and Cables Limited will welcome their friends 
at Stand No. 5 in the Exhibition Hall 
and also at the 

SCALA HALL 

TO RWOOD STREET 

TORQUAY 

where the following exhibits will prove of interest:— 

STREET LIGHTING CONTROL AND 
A.R.P., WARNING SYSTEM. 

SUBSTATION REMOTE CONTROL. 

STYRENATION. 

CONDENSER CONES. 

TRANSIENT RECORDER. 

SOUND REPRODUCTION SYSTEM. 

GAMEWELL FIRE ALARM SYSTEM. 

ETC., ETC., ETC. 


Standard Telephones and Cables Limited 

Connaught House, Aldwych, London, W.C.2. 


Telephone 

DUBLIN 

Molesworth House, 
South Frederick Street 
’Phone 61229 

I 


GLASGOW 
Finlay Chambers, 

22 West Nile Street. 
’Phone 1999 


LEEDS 

Standard Building, 
City Square. 
’Phone 22476 
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L.N.E.R. Locomotives Nos. 1509 
and 1535 were turned into traffic 
early in 1938, in the North Eastern 
Area. Known as J.39 Class Loco¬ 
motives, they are designed for 
fast goods and special passenger 
service and are-of particular in¬ 
terest as the boiler barrels are 
constructed by the Babcock Class 
One Fusion Welding Process, and 
as such represent one of the first 
orders for these welded pressure 
vessels for use in England. The 
barrels are 5' 6" outside diameter 
x 9' 8" long and designed for a 
pressure of 180 lbs. per square 
inch. Three such barrels were 
constructed. The illustrations 
show the welded boiler barrel, 
the complete boiler being lowered 
into the frame in the erecting 
shop, and the finished locomotive. 


We are exhibiting 
at the Empire 
Exhibition, Glasgow, 
May—October 1938. 


BABCOCK & WILCOX 

BABCOCK HOUSE, 34 FARRINGDON STREET, LONDON, E.C.4. 
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OVERCUR81 


yirtee words to the wise! 


Protection against Overload and Earth Leakages 


The use of Ferranti Relays on Station Switch¬ 
boards is commended to the notice of all 
Supply Undertakings. 

These Relays afford definite protection to 
radial and ring main feeders by the system 
of graded definite minimum times. When 
required for earth leakage protection, the 
Relays are specially wound. 

Their outstanding features are 

1. Small Consumption — the overcurrent 
elements require only 2.0 VA to operate 
on the 100% setting. 

2. Large Overload Capacity —due to heavy 
gauge windings and two powerful damping 
magnets fitted on each element. 


3. High Torque— resulting in good setting 
values and freedom from sticking. 

4. Facility of adjustments over large range. 
Tap changing on load by insulated plug 
in automatic setting board with clearly 
marked settings. 

5. ‘ Substantial contacts are provided. They are 

self-resetting normally but canbe converted 
to hand-resetting by a simple adjustment. 

6. Type OD is truly directional down to 1% 
of normal voltage. 

7. Type ON is available in Single, Double 
and Triple pole cases for horizontal or 
vertical mounting. 

Please write for List I. R. I. 


type ON Overcurrent Non-Directional 


OD Overcurrent Directional 


FI.26. 


FERRANTI LTD. H0LLINW00D, LANCS. London Office: Bush House, Aldwych. W.C.2. 
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,^v*f*AjPPP^*' The “Metrovick” Load-Rate Prepayment 
IpP^ Meter takes pennies and/or shillings, 
automatically charges a lower rate when the 
load exceeds a pre-arranged value and restores 
the higher rate when the load falls again. 


ELECTR TP A T — ^ 

TRAFFORD PARK 


. .CO., LTD. 

MANCHESTER 17. 


Q/P70, 


































The added life-years of a QUALITY CABLE 
bring in an economic harvest to the user. 

THE POLICY OF THE C.M.A. IS 



QUALITY. 





Li 


C.M.A. Regd. We Mart Nos. 4^3io-ao-*i 
NONAZO Refid. Trade Mark No. 

CABLES 


MEMBERS OF THE C.M.A. 


The Anchor Cable Co. Ltd. 

British Insulated Cables Ltd. 

Callender’s Cable & Construction 

Co. Ltd. 

The Craigpark Electric Cable Co. 

Ltd. 

Crompton Parkinson Ltd. 

(Derby Cables Ltd.) 

The Enfield Cable Works Ltd. 

Edison Swan Cables Ltd. 

W. T. Glover & Co. Ltd. 

Greengate & Irwell Rubber Co. Ltd. 

W. T. Henley’s Telegraph Works 

Co. Ltd. 

The India Rubber & Gutta-Percha & 
Telegraph Works Co. Ltd. 
(The Silvertown Co.) 

Johnson & Phillips Ltd. 

Liverpool Electric Cable Co. Ltd. 

The London Electric Wire Co. 

and Smiths Ltd. 

The Macintosh Cable Co. Ltd. 

Pirelli-General Cable Works Ltd. 

(General Electric Co. Ltd.) 

St. Helens Cable & Rubber Co. Ltd. 

Siemens Brothers & Co. Ltd. 

(Siemens Electric Lamps & 
Supplies Ltd.) 

Standard Telephones & Cables Ltd 

Union Cable Co. Ltd. 


Copyright nSESN 
Colonel Sir 
Thomas F. Pitrves 
Exclusive Licensees 
y embersofthe C M.A 



.. 

Advt. of the Cable Makers' Association, High Holborn House, 
52-54, High Holborn, W.C.I. Phone: Holborn 7633. 































AUTOMATIC 

CHARGING 

TRANSRECTER 


I.E.E. Journal Advertisements 


TELEPHONE, TELEGRAPH 
& SIGNAL SYSTEMS. 
EMERGENCY LIGHTING & 
POWER BATTERIES Etc. 


CIEMENS Automatic Charging Transrecter (incorporating 
Westinghouse Metal Rectifier), in conjunction with a 
suitable accumulator battery, provides the most efficient 
and reliable method of obtaining a D.C. SUPPLY FROM 
A.C. SUPPLY MAINS. 

Current is supplied as required to meet the load conditions; 
the battery is automatically recharged at the proper rate 
to maintain it in its highest state of efficiency, and is always 


A.C. SUPPLY 


D.C. SUPPLY 


Diagram of connections 


FEATURES: 

E Ai^ I J N / T M^r^ ED F0R SKILL ED MAINTEN¬ 
ANCE & ENSURES MAXIMUM RELIABILITY 
A T MINIMUM COST 


• ENTIRELY AUTOMATIC—NO RELAYS 
TACTORS OR MOVING PARTS OF ANY ' 


, CON- 
KIND 


ENSURES MUCH LONGER BATTERY LIFE 
REPAIRS AND RENEWALS PR AC TIC 
ELIMINATED 


now giving unfailing service in many parts of 
South Africa, New Zealand, Australia, Egypt, 
Siam, Canada, Palestine, etc. 


SIEMENS BROTHERS & CO., LTD 

WOOLWICH, LONDON, S.E.18 

Telephone: Woolwich 2020 


Automatic Charging Transrecter 
with cover removed. 
Output SO volts, 8 amps . 










BRITISH INSULATED CABLES LTD., PRESCOT, LANCS 


Tel. No. Temple Bar 7722 


Tel. No. Prescot 6571. London Office, Surrey House. Embankment, W.C. 2 


This material is a mixture of unvuicamsed rubber ana waxes. 
It is— TOUGH and FLEXIBLE HIGHLY INSULATING 

WATERPROOF RESISTANT TO ACIDS 

Amongst other uses it is largely employed: — 

As a Protective She athing for Lead Covered Telephone Cables, to 
prevent electrolytic 


prevent electrolytic, chemical and soil corrosion. 

As Bird, Vermin and Man Guards for Overhead Lines, Outdoor 
Substation Apparatus and Bus Bars insulating Mats; Insulating Tubes 
and Tapes; Mudguards and Flaps for Lorries, etc. 

It can be moulded to shape at temperatures over 85°C., and on 
cooling, retains the shape given. 
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The inset picture shows the 
G.E.C. alternating current Weld¬ 
ing Set used for the welding of 
suspension straps for this bridge. 

For indoor or outdoor work, for 
light or heavy duties, for every 
situation where efficient welding 
is needed there is a G.E.C. 
Welding Set of a size and type 
which is ideal for the purpose. 

A.C. OR D.C. OPERATION. 

EASY PORTABILITY. 

MAXIMUM VOLTAGE RESPONSE. 
FINE CURRENT CONTROL OVER THE 
WHOLE WORKING RANGE. 


Advt, of The General Electric Co., Ltd.., Head Office: Magnet House, Kingsway, London, W.C. 2 . 














for 

Ventilating Buildings, Ships and Mines; 
providing Mechanical Draught on 
Boilers; blowing Forges, Furnaces and 
Cupolas; exhausting Metal Dust and 
Wood Refuse; removing Fumes, Smoke 


A large double-inlet Keith Centrifugal Fan photographed at 
our Works before despatch. 


and Steam; Drying; Warming; Cooling; 
Refrigerating; Conveying; Cold Air 
Douche; Gas Boosting, etc. 

Auxiliary Equipment: AIR HEATERS, FILTERS, 
WASHERS; DUCTWORK; HOODS; DUST SETTLERS; etc. 


KEITH BLACKMAN LTD. 

Head Office: 

27 FARRINGDON AVENUE, LONDON, E.C.4 

Telephones: Central 7091 (9 lines) 
Telegrams: “James Keith, Phone, London.*’ 
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RANGE UNIVERSAL 


ELECTRICAL MEASURING INSTRUMENT 


What is this AvoMeter 


The AvoMeter is the world’s most widely used combination electrical 
testing instrument, and is regarded as indispensable wherever it is 
essential to maintain electrical equipment in continuous operation. 

The Model 7 AvoMeter is a compact multi-range A.C.-D.C. instrument, 
having a total of 46 ranges of direct readings.of A.C. and D.C. voltage, 
A.C. and D.C. current, also resistance, capacity, audio-frequency power 
output and decibels. The ranges are quickly selected by means of two 
rotary switches and no external shunts or series resistances are required. 
The instrument incorporates a high-grade moving-coil movement, has 

a 5 -inch mirror scale, and is hand calibrated to 
^ conform with B.S. 1 st grade accuracy requirements. 

A protective cut-out automatically disconnects the 
' meter from the source of supply if a severe overload 
iBil Walk is a PP lied - Automatic compensation is provided for 
11111.; Jj%m ly temperature variations. 


Model 7 Resistance Range Ex¬ 
tension Unit (for measurements 
• down to rJath ohm)— 12/6 


BRITISH 

MADE 


Also The 36-range'Universal AvoMeter 13 gns. 
The 22-range D.C. AvoMeter . . 9 gns, 

Leather Carrying Case .... 25/- 

DEFERRED TERMS IF DESIRED. 


© Write for fully descriptive Pamphlet. 

8olt ProprMori and Manufaclurert: 

THE AUTOMATIC COIL WINDER & 
ELECTRICAL EQUIPMENT CO. LTD. 

Winder House, Douglas Street, London, S.W.1 

Telephone: Victoria 3404-7 


ffegd Trade Mar A 


LIST OF ADVERTISERS IN 


THIS ISSUE 
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Automatic Coil Winder & Electrical Equipment 

Co., Ltd. x 
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POWER TYPE 
CIRCUIT BREAKERS 


These Circuit Breakers are supplied in 
open or ironclad patterns fitted with 
loose handle, magnetic blow-out or car¬ 
bon break. Open pattern is illustrated— 
overload, underload, reverse, low volt. 
Also fitted with earth leakage trip or 
supplied in combination, single pole, 
double pole, or triple pole. Time lag 
fitted if required. 

NCS Circuit Breakers have earth leakage 
trip arranged to operate with a current 
not exceeding 30 milliamperes and a 
difference of potential of 20-40 volts. 


Write for 
Quotations 


NALDER BROS.^THOMPSON IP 
Dalston Lane Works, London,E.8 


Telephone.: Clissbld 2365 (3 lines) 


Telegrams: Occlude, Hack, London. 


REGISTERED - ’ TRADE-MARK 

RESISTANCES & REGULATORS 

FOR SPECIAL PURPOSES 

BUILT TO SUIT YOUR REQUIREMENTS 

Let us have your enquiries 
PROMPT DELIVERIES UNEQUALLED SERVICE 


You’ll never get satisfactory service from 
“cheap” imitation M & M Meter Locks. 
Getting down to a price must always mean 
sacrificing quality. 

For 100% satisfaction M & M Locks are 
your only choice. Strongly made, sturdy 
and tamper-proof, they can be relied on to 
give you years of faithful service. When 
next you are buying Meter Locks, remember 
M & M, look for the registered patent 
number, and you will be assured that you 
have the safest and most hard wearing lock 
money can buy. 

Write for skeletonised M <£ M Lock to: 

H. MITCHELL & CO. 

3 & 5, Leighton Road, London, N.W.5 

Phone: Gulliver 2667 


$ It pay* to buy and install "Zenith” apparatus - % 

THE ZENITH ELECTRIC CO. LTD. 

Sole Maker* of the well-known "Zenith” Electrical Products 

Contractors to the Admiralty, War Office, Air Ministry^ C.P.O^L.VC.,^etc 


ZENITH WORKS, VILLIERS RD..WILLESDEN GREEN, LONDON, N.W.2 


Carew Wilson 
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5l2kW for 

OIL CIRCUIT-BREAKER CLOSING 
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Part of an order for forty 5kW switch-dosing rectifiers 

for India ? f 


TAL RECTIFIERS 


Interior construction of 
switch-dosing rectifier 


WESTINGHOUSE BRAKE & SIGNAL COMPANY LIMITED 

82 YORK WAY, KING’S CROSS, LONDON, N.l 


Part of an order for twelve 26kW switch-closing rectifiers fo 
Victoria Falls & Transvaal Power Co. 


Westinghouse Metal Rectifiers provide a reliable 
and efficient means of closing oil circuit-breakers. 
Needing none of the attention and maintenance 
associated with alternative methods, they will give 
the same efficient and reliable service as the actual 
switchgear. Two groups of rectifiers, with a total 
output of 512kW, for switch-closing purposes are 
illustrated. 


This typical application of the Westing¬ 
house Metal Rectifier is one of many 
described in brochure D.P. 11/1EE. Write 
for your copy today. 































LOCAL CENTRES AND 

NORTH-WESTERN CENTRE. 

Chairman. —J. W. Thomas, LL.B. KSc.Iech. , ,, 

Hon Secretary II. A. Carr, 3V1.Sc, I celt., Otiiklei^h, 
Cambridge Road, Hale, Altrincham, Cheshire. 


SCOTTISH CENTRE. 

Chairman. —Major H. Bell, O.B.E., I.D. 

Hon. Secretary.— R. B. Mitchell, 154, West George Street, 
G1 11 s°'o w C. 2. 

lion. Assist.’ Secretary.—II . V. IIennikkr, 172, Craigleith 
Road, Edinburgh. 


Dundee Suh-Centre. 

Chairman. —A. Grant. 

Hon. Secretary. — P. Philip, c/o Electricity Supply Dept., 
Dudhope’Crescent Road, Dundee. 


SOUTH MIDLAND CENTRE. 

Chairman .— IT. Hooper. 

Hon. Secretary. —R. IT. Rawll, 05, New Street, Birmingham. 


East Midland Suh-Centre. 

Chairman. —D. IT. Parry, B.Sc. 

Hon. Secretary. —J. F. Driver, Brighton House, Hemclt 
Road, Loughborough. 


SXJB-CENTRES—' Continued. 

WESTERN CENTRE. 

Chairman. —H. G. Weaver. 

Hon. Secretary. —H. R. Be as a NT, 77, Old Market Street, 
Bristol, 2. 

Devon and Cornwall Suh-Centre. 

Chairman. —H. Midgley, M.Sc. 

lion. Secretary. —W. A. Gallon, B.Sc., c/o City Electrical 
Engineer's Office, Armada Street, Plymouth. 

West Wales (Swansea) Suh-Centre. 

Chairman .— E. F. Cope. 

Hon. Secretary .—R. Richards, 78, Glanbrydan Avenue, 
Swansea. 


Hampshire Suh-Centre {directly under the Council). 
Chairman. —W. F. Rawlinson, D.Sc. 

Hon. Secretary. —A. G. Hiscock, c/o City of Portsmouth 
Electricity Undertaking, 111, High Street, Portsmouth, 
Hants. 

Northern Ireland Suh-Centre (directly under the Council). 
Chairman. —F. H. Whysall. 

Hon. Secretary. —J. McCandless, M.Sc., Burn Brae, Strang- 
ford Avenue, Belfast. 


INFORMAL MEETINGS. 

Chairman of Committee.- .-j. F. Shipley. 

METER AND INSTRUMENT SECTION. 

Chairman. —IT. Cohden Turner. 


TRANSMISSION SECTION. 

Chairman .— J. L. Eve. 

WIRELESS SECTION. 

Chairman.— T. Wadsworth, M.Sc. 


AUSTRALIA. 

New South Wales. 

Chairman. — V. L. Molloy. 

Hon. Secretary. — W. J, McCallion, M.C., c/o Electrical 
Engineers Branch, Dept, of Public Works, Sydney. 

Queensland. 

Chairman and Hon. Secretary.— J. S. Just, c/o P.O. Box 
10G7 n, G.P.O., Brisbane. 

South Australia. 

Chairman and Hon. Secretary. —F. W. II. Wheadon, Kelvin 
Building, North Terrace, Adelaide. 

Victoria and Tasmania. 

Chairman and Hon. Secretary. —H. R. Harper, 22-32, 
William Street, Melbourne. 

Western Australia. 

Chairman. —J. R. W. Cardam, 

Hon, Secretary. —A. E. Lambert, B.E., 35, the Esplanade, 
South Perth. 

CEYLON. 

Chairman— Major C. H. Brazed, M.C. 

Hon. Secretary .—D. P. Bennett, Epworth, Kollupitiya 
Station Road, Colpetty, Colombo. 


OVERSEAS COMMITTEES. 

INDIA. 

Bombay. 

Chairman. —R. G. Higham. 

J-Ion. Secretary. —A. L. Guilford, B.Sc.Tech., Electric House, 
Post Fort, Bombay. 

Calcutta. 

Chairman. —F. T. Homan. 

Hon . Secretary. —D. H. P. Henderson, c/o Calcutta Electric 
Supply Corporation, Post Box 304, Calcutta. 

Lahore. 

Chairman .— Prof. T. IT. Matthewman. _ 

Hon. Secretary. —J. C. Brown, c/o Associated Electrical 
Industries (India) Ltd., P.O. Box 14b, Lahore. 

Madras. 

Chairman and Hon. Secretary. —E. J. B. Greenwood, Elec¬ 
tricity Dept., P.W.D. Offices, Chepauk, Madras. 

NEW ZEALAND. 

Chairman. —F. T. M. Kissel, B.Sc. 

Hon. Secretary .—J. McDermott, P.O. Box 749, Welling¬ 
ton, C.l. 

SOUTH AFRICA. 

Transvaal. 

Chairman and Hon. Secretary. —W. Elsdon Dew, Box 4uG3, 
Johannesburg. 


ARGENTINE: R. G. Parrott, Tucuman 117, Buenos 
Aires. . . , 

CANADA: F. A. Gaby, D.Sc., Vice-President, The British 
American Oil Co., Ltd., 14th Floor, Royal Bank Building, 
Toronto, Ontario. 

CAPE, NATAL, AND RHODESIA: G. H. Swingles, City^Elec¬ 
trical Engineer, Corporation Electricity Dept., Cape I-own. 
FRANCE: P. M. J. Ailleret, 20, Rue Hamelin, Ians 

HO LL AND: A. E. R. Collette, Heemskerckstraat, 30, 
The Hague. , „ 

INDIA: K. G. Sillar, c/o Calcutta Electric Supply Corpoia- 
tion. Post Box 304, Calcutta. 

ITALY: L. Emanuelx, Via Fabio Filzi, 21, Milan. _ 
JAPAN: I. Naicahara, No. 40, Ichigaya Tammachi, 
Ushigomeku, Tokio. 


LOCAL HONORARY SECRETARIES ABROAD. 

NEW SOUTH WALES: V. J. F. Brain, B.E., Chief Electrical 
Engineer, Department of Public Works, Bridge Street, 

NEV^ZEALAND: J. McDermott, P.O. Box 749, Welling- 
"ton Q j, 

QUEENSLAND: J. S. Just, c/o P.O. Box 10G7 n, G.P.O., 1 
Brisbane. . 

SOUTH AUSTRALIA: F. W. H. Wheadon, Kelvin Building, 

North Terrace, Adelaide. 

TRANSVAAL: W. Elsdon Dew, Box 45G3, Johannesburg. 
UNITED STATES OF AMERICA: Cano Dunn, c/o The 
J. G. White Engineering Corporation, 80, Broad Street, 
New York, N.Y. 

VICTORIA AND TASMANIA: H. R. Harper, 22-32, William 
Street, Melbourne. _ _ „ 

WESTERN AUSTRALIA: Prof. P. H. Fraenkel, B E., 
The University of Western Australia, Crawley, Perth. 


HID 




STUDENTS’ SECTIONS. 

LONDON. MERSEY AND NORTH WALES (LIVERPOOL). 

Chairman. —N. C. Rolfe. Chairman. —A. A. Dale. 

Hon. Secretary . —P. IT. Pettifor, 65, The Manor Way, Hon. Secretary. —J. E. Houldin, Laboratories of 
Blackheath, S.E.3. Applied Electricity, The University, Liverpool.. 

NORTH-WESTERN. SOUTH MIDLAND. 


Chairman. —R. Noonan. 


Chairman. —H. S. Prosser. 


Hon. Secretary,-~R. M. A Smith Meter Engineering H Secretary. —PI. J. Sheppard, 90, Fronds Lane, 

, c Pt- MetropohtanAhckers Electrical Co., Ltd., BUston, Staffs. 

Trafford Park, Manchester, 17. 

SCOTTISH. NORTH MIDLAND. 

Chairman. —J. S. Tait. Chairman. —W, Chambers.' 

Hon. Secretary. —G. H. Wire, c/o Mrs. Connie, 8, Hon. Secretary. —H. M. Corner, 34, Conway Drive, 
Townhead Terrace, Paisley. Leeds, 8. 

NORTH-EASTERN. SHEFFIELD. 

Chairman. —D. Smith. Chairman. —H. A. Wainwright. 

Hon. Secretary. —J. A. Stanfield, 44, Shipley Avenue, Hon. Secretary C. C. Hall, 4, Meadow Plead Avenue, 
Milvain, Newcastle-on-Tyne. Woodseats, Sheffield, 8. 

BRISTOL. 

Chairman. — Hon. Secretary. —A. W. Britton, 56, High Street, Easton, Bristol, 5. 




One of the greatest privileges of man is 
to help those in suffering and distress. 
Pleasure comes with the act of giving and 
the reward is the satisfaction of having 
helped someone in his time of tribulation. 

Those who have served on the Com¬ 
mittees of charitable organizations, such 
as our Benevolent Fund, will be aware of 
the heartrending cases that come up for 
help. Many of our members have not 
had this experience but they wili realize 
that in every community there are always 
individuals who fall by the way, through 
sickness, death, or other calamity, and that 
families are frequently left in hunger and 
dire distress. Such cases are helped by 
the Institution Benevolent Fund. 


For the first time in the history of the 
Fund the annual income from all sources, 
including investments, is insufficient to 
meet the demands. This serious position 
is causing the Committee of Management 
much anxiety, and I would most earnestly 
appeal to all members who are not already 
subscribers to send a donation to the 
Fund. 

The membership of The Institution is 
over 17 ooo, and 5 200 of these contribute 
to the Fund. I should like every member 
of The Institution to feel it is a privilege 
as well as a duty'to subscribe to this good 
work. 

A. G. LEE, 

President. 


LOCAL HON. TREASURERS OF THE FUND. 

Irish Centre : T. J. Monaghan. North-Eastern Centre: N. Cress well. North Midland Centre: 
R. M. Longman. Sheffield Sub-Centre: W. E. Burnand. North-Western Centre: T. E. Herbert. Mersey 
and North Wales (. Liverpool) Centre: A. C. Livesey. Scottish Centre: (Glasgow) A Lindsay ; (. Edinburgh) 
D. S. Munro. Dundee Sub-Centre: P. Philip. South Midland Centre: W. Y. Anderson. Western Centre: 
(. Bristol) E. P. Knill; ( Cardiff ) J. W. Elliott. Hampshire Sub.-Centre: W. P. Conly, M.Sc. 
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